Functional analysis of the C-terminal domain in the Drosophila JIL-1 histone H3 kinase by Bao, Xiaomin
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2008
Functional analysis of the C-terminal domain in the
Drosophila JIL-1 histone H3 kinase
Xiaomin Bao
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Cell Biology Commons, Genetics and Genomics Commons, and the Molecular
Biology Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Bao, Xiaomin, "Functional analysis of the C-terminal domain in the Drosophila JIL-1 histone H3 kinase" (2008). Retrospective Theses
and Dissertations. 15794.
https://lib.dr.iastate.edu/rtd/15794
Functional analysis of the C-terminal domain in the
Drosophila JIL-1 histone H3 kinase
by
Xiaomin Bao
A dissertation submitted to the graduate faculty
in partial fulfillment of the requirements for the degree of
DOCTOR OF PHILOSOPHY
Major:  Genetics
Program of Study Committee:
Kristen M. Johansen, Co-major Professor
Jørgen Johansen, Co-major Professor
Jack Girton
Alan Myers
Dan Voytas
Iowa State University
Ames, Iowa
2008
UMI Number: 3308987
3308987
2008
UMI Microform
Copyright
All rights reserved. This microform edition is protected against 
    unauthorized copying under Title 17, United States Code.
ProQuest Information and Learning Company 
300 North Zeeb Road
P.O. Box 1346
     Ann Arbor, MI 48106-1346 
 by ProQuest Information and Learning Company. 
ii
TABLE OF CONTENTS
ABSTRACT .................................................................................................................................................................V
CHAPTER 1. OVERVIEW ........................................................................................................................................1
GENERAL INTRODUCTION ................................................................................................................................1
THESIS ORGANIZATION .....................................................................................................................................4
REFERENCES..........................................................................................................................................................6
CHAPTER 2. LITERATURE REVIEW ................................................................................................................10
NUCLEAR LAMIN AND GENE EXPRESSION................................................................................................10
HISTONE MODIFICATIONS AND GENE EXPRESSION...............................................................................12
Histone methylation ...........................................................................................................................................12
Histone acetylation.............................................................................................................................................14
Histone phosphorylation....................................................................................................................................15
The interplay among different chromatin modifiers .........................................................................................17
SUMMARY ............................................................................................................................................................17
REFERENCES........................................................................................................................................................18
CHAPTER 3. THE JIL-1 KINASE INTERACTS WITH LAMIN DM0 AND REGULATES NUCLEAR
LAMINA MORPHOLOGY OF DROSOPHILA NURSE CELLS......................................................................24
SUMMARY ............................................................................................................................................................24
INTRODUCTION...................................................................................................................................................25
MATERIALS AND METHODS ...........................................................................................................................26
Drosophila Stocks ..............................................................................................................................................26
Yeast two-hybrid interaction assays..................................................................................................................27
Antibodies ...........................................................................................................................................................27
Biochemical Analysis .........................................................................................................................................27
Immunohistochemistry .......................................................................................................................................28
RESULTS................................................................................................................................................................29
JIL-1 CTD interacts with the lamin Dm0 tail domain.......................................................................................29
Mapping of the JIL-1 and lamin Dm0 interaction domains..............................................................................31
Abnormalities of nuclear lamina morphology in JIL-1 mutant egg chambers................................................32
Genetic interactions between lamin Dm0 and JIL-1 alleles .............................................................................33
DISCUSSION .........................................................................................................................................................34
ACKNOWLEDGEMENTS....................................................................................................................................37
REFERENCES........................................................................................................................................................38
FIGURE LEGENDS...............................................................................................................................................42
CHAPTER 4. THE LAMIN DM0 ALLELE ARI3 ACTS AS AN ENHANCER OF POSITION EFFECT
VARIEGATION AT THE WM4 LOCUS IN DROSOPHILA...............................................................................49
ABSTRACT ............................................................................................................................................................49
INTRODUCTION...................................................................................................................................................49
MATERIALS AND METHODS ...........................................................................................................................50
RESULTS AND DISCUSSION.............................................................................................................................51
ACKNOWLEDGEMENTS....................................................................................................................................53
REFERENCES........................................................................................................................................................53
FIGURE LEGENDS...............................................................................................................................................55
CHAPTER 5. LOSS-OF-FUNCTION ALLELES OF THE JIL-1 HISTONE H3S10 KINASE ENHANCE
POSITION-EFFECT-VARIEGATION AT PERICENTRIC SITES IN DROSOPHILA
HETEROCHROMATIN...........................................................................................................................................58
ABSTRACT ............................................................................................................................................................58
iii
LITERATURE CITED ...........................................................................................................................................62
FIGURE LEGENDS...............................................................................................................................................64
CHAPTER 6. JIL-1 AND SU(VAR)3-9 REGULATE VIABILITY AND CHROMATIN STRUCTURE IN
A GENETIC PATHWAY INDEPENDENT OF HP1 IN DROSOPHILA.........................................................69
ABSTRACT ............................................................................................................................................................69
INTRODUCTION...................................................................................................................................................70
MATERIALS AND METHODS ...........................................................................................................................71
Drosophila melanogaster stocks .......................................................................................................................71
Immunohistochemistry .......................................................................................................................................71
RESULTS................................................................................................................................................................72
Viability and chromosome morphology in JIL-1 and Su(var)3-9 double mutants ..........................................72
Genetic interactions between JIL-1 and Su(var)2-5 (HP1)..............................................................................74
DISCUSSION .........................................................................................................................................................76
ACKNOWLEDGEMENTS....................................................................................................................................79
REFERENCES........................................................................................................................................................79
FIGURE LEGENDS...............................................................................................................................................82
CHAPTER 7. THE C-TERMINUS DOMAIN TARGETS JIL-1 TO CHROMOSOME AND IS
REQUIRED IN MAINTAINING PROPER CHROMOSOME MORPHOLOGY IN DROSOPHILA .........89
ABSTRACT ............................................................................................................................................................89
INTRODUCTION...................................................................................................................................................90
RESULTS................................................................................................................................................................92
The JIL-1 CTD is required for proper chromosomal localization of JIL-1 kinase .........................................92
The expression of CFP-CTD can compete off endogenous JIL-1 and affects viability...................................93
JIL-1 protein cannot properly localize to chromosomes without its CTD.......................................................94
Both CTD and the JIL-1--CTD participate in maintaining the higher-order chromosome structure .........95
CTD can directly interact with histone H3 .......................................................................................................96
The CTD harbors a novel H3 interaction domain ............................................................................................97
DISCUSSION .........................................................................................................................................................98
MATERIAL AND METHODS............................................................................................................................100
GFP/CFP fusion constructs.............................................................................................................................100
Fly stocks ..........................................................................................................................................................100
Immunohistochemistry .....................................................................................................................................100
Biochemical analysis........................................................................................................................................101
ACKNOWLEDGMENTS ....................................................................................................................................103
REFERENCES......................................................................................................................................................104
FIGURE LEGENDS.............................................................................................................................................106
CHAPTER 8.  GENERAL CONCLUSIONS.......................................................................................................119
GENERAL DISCUSSION ...................................................................................................................................119
THE INTERACTION BETWEEN JIL-1 AND LAMIN DM0...........................................................................................119
What is the biological significance of this interaction? .................................................................................120
Is this interaction direct? .................................................................................................................................120
Is lamin a substrate of JIL-1 kinase? ..............................................................................................................121
JIL-1 AND ITS INTERACTION PARTNERS’ ROLES IN PEV ......................................................................................123
THE ROLE OF JIL-1 CTD IN CHROMOSOME MORPHOLOGY ..................................................................................124
The role of the CTD in male X chromosome morphology..............................................................................125
The histone binding ability of the CTD ...........................................................................................................126
RECOMMENDATIONS FOR FUTURE RESEARCH .....................................................................................127
SUMMARY ..........................................................................................................................................................128
REFERENCES......................................................................................................................................................128
APPENDIX: ADDITIONAL RESULTS...............................................................................................................131
iv
THE SINGLE-KINASE-DEAD TRANSGENE .................................................................................................131
CAN JIL-1 PHOSPHORYLATE H3S28?...........................................................................................................131
ACKNOWLEDGEMENTS ....................................................................................................................................134
v ABSTRACT
Epigenetic regulation is an important process utilized by biological systems to control
gene expression and organize development, with histone modification enzymes among the
most important components in this regulatory network. The predominant interphase H3
Serine10 kinase in Drosophila is JIL-1, which plays an important role in regulating
chromosome structure and modulating gene expression. The full-length JIL-1 protein is
composed of four domains including a N-terminal domain (NTD), two kinase domains (KDI
and KDII), and a unique C-terminal domain (CTD). In order to study the biological
importance of these individual domains, a domain analysis research approach was taken and
different functions of the JIL-1 kinase were dissected. This thesis will emphasize the
significance of the CTD.
From a yeast-two-hybrid screening using the JIL-1 CTD as bait, lamin Dm0 was
identified as a potential interaction partner. This interaction was further confirmed by
molecular interaction analysis such as pull-down assays and co-immunoprecipitation
experiments, and the interface for this interaction was mapped to the predicted globular
region within JIL-1 CTD and the C-terminal tail in lamin Dm0. In the JIL-1z2/JIL-1h9 mutant
devoid of the lamin interaction domain, we observed a distorted lamina structure in the nurse
cells during oogenesis. In addition, genetic analysis in both viability assays and wm4 PEV
(positional effect variegation) assays indicates that JIL-1 and lamin Dm0 counteract with
each other.
Transgenic analysis using both the CFP-CTD and GFP--CTD transgenes indicates
that the CTD is required for the proper chromosomal localization of JIL-1. Without the CTD,
the truncated JIL-1 protein GFP--CTD loses its affinity for the chromosomes, and mainly
localizes to the inter-chromosomal region. I identified a novel H3 binding motif within the
CTD that may mediate the association between the CTD and chromatin. Rescue experiments
using these transgenes also indicate that the CTD plays an important role in maintaining
higher-order chromosome structure with the male X chromosome in particular.
vi
In a PEV system where reporter genes are inserted in pericentric regions, loss of JIL-
1 protein results in a dramatic reduction of reporter gene expression. This is consistent with
the observation in JIL-1 loss-of-function mutants that the heterochromatin marker H3K9me2
mediated by the histone methyltransferase Su(var)3-9 spreads from the chromocenter to the
chromosome arms; however, genetic analysis indicates that JIL-1 and Su(var)3-9 are likely to
interact in a novel pathway that is largely independent of HP1.  In contrast to the loss-of-
function mutants the JIL-1Su(var)3-1 mutant, which carries an early stop codon that removes half
of the CTD including both lamin and H3 interaction domains, dramatically increases the
expression from the pericentric reporter genes and acts as a gain-of-function mutation in
PEV.
In summary, the data above suggest a model in which the CTD of JIL-1 interacts with
lamin Dm0 in Drosophila and this interaction is important for the integrity of nuclear lamina.
In addition, the CTD can also interact with chromatin and may block the association between
lamin and chromatin. The kinase activity of JIL-1 mediates the phosphorylation of H3S10,
which can further open the chromatin, allowing the access of RNA Pol II and other
transcription machineries and facilitating gene expression.
1CHAPTER 1. OVERVIEW
GENERAL INTRODUCTION
During metazoan development, epigenetic instructions create a dynamic nuclear
environment to couple and coordinate different spectrum of gene expression and to build
inheritable cellular memories and specify cell fate. So far, three major modes of epigenetic
regulation have been discovered: DNA methylation, RNAi, and histone modification. These
regulation modes significantly differ a lot from each other in terms of message carriers and
readers, yet they closely team with each other to complete different regulatory missions.
DNA methylation is a mode of gene silencing that usually occurs on position C5 in a
CpG dinucleotide in animals (Bird et al., 2002), and on both CpNpG and CpG sites in plants
(Finnegan et al., 1998). The DNA methlyation is catalyzed and maintained by the DNA
methyltransferases (DNMTs), which are essential for development since loss of DNMT
results in lethality during early developmental stages (Li et al., 1992; Okano et al., 1999). In
normal cells, heavy methylation is found on repetitive genomic regions including DNA
satellites and retro-elements (Yoder et al., 1997), and the global hypomethylation found in
cancer cells is considered a possible cause of carcinogenesis (Das et al., 2004). Abnormal
DNA methylation can also underlie other imprinting-related disease (like Bechwith-
Wiedemann syndrome, Prader-Willi syndrome, and Angelman syndrome), and repeat-
instability diseases (including Fragile X syndrome and facioscapulohumeral muscular
dystrophy) (Robertson, 2005).
RNAi is an evolutionary conserved pathway from yeast to mammals, utilizing small
RNAs (including siRNA and miRNAs) generated by Dicer to target mRNA for degradation
with the aid of the RNA-induced silencing complex (RISC) (Hannon et al., 2002). The
silencing of certain genes by RNAi is essential for cell-fate determination. For example, the
dramatic increase of levels of let-7 parallels a reduction of target genes expression, directly
regulating cell differentiation and self-renewal (Yu et al., 2007). In addition, RNAi also
mediates both DNA methylation as well as heterochromatin formation (Matzke et al., 2005).
2In Arabidopsis it was found that RNAi silencing machinery could target DNA
methyltransferase and initiate de novo methylation (Chan et al., 2004), while the RNAi
mutants in fission yeast and Drosophila have impaired centromeric heterochromatin
silencing (Volpe et al., 2002; Aravin et al., 2001). The mechanism by which the RNAi
machinery aids in building up heterochromatin may involve the targeting of nascent RNA by
the RNA-induced Transcriptional Silencing (RITS) complex, histone modification such as
histone H3K9 methylation, and subsequent HP1 binding (Bühler et al., 2007).
Epigenetic regulation by histones is probably the mode that has been most intensively
studied. Histones affect transcription by two different approaches: histone variants
substitution and histone modification. Both approaches not only alter the local chromatin
folding and accessibility of RNA polII, but also serve as binding platforms to recruit different
effectors.
The difference in primary sequence of various histone variants and their canonical
counterparts ranges from several amino acids to almost half of the total length. Histone H3.3
has only four different amino acids as compared to canonical H3; however, these 4 amino
acids do make the difference between gene activation hallmarks and normal nucleosome
composition (Schwartz et al., 2005). In addition, H3.3 also facilitates cell memory
establishment, since this variant associates with gene promoter regions only in the cells that
still keep the memory, and overexpression of H3.3 enhances memory (Ng et al., 2008).
H2A.z shares only 60% identity to H2A. However, the overall structure of the nucleosomes
that have incorporated H2A.z is very similar to the canonical ones apart from subtle local
changes that may lead to nucleosomal instability and consequently change local chromatin
structure (Suto et al., 2000). H2A.z was initially proposed to be enriched only in euchromatin
and to function as a boundary element to prevent the spreading of heterochromatin
(Meneghini et al., 2003). However, a subsequent study suggested that it localizes to both
active and inactive loci (Raisner et al., 2005), but the fraction of H2A.z that associates with
inactive genes is additionally modified with monoubiquitylation (Sarcinella et al., 2007).
As mentioned above, post-translational histone modifications occur on both major
histones and histone variants. The majority of modifications are clustered on the N-terminal
tails of core histones and include methylation, acetylation, phosphorylation, ubiquitination
3and ADP-ribosylation. With such a variety of modifications on different sites, a histone code
hypothesis was suggested by David Allis and co-workers that a single or a combination of
different histone modifications may signal the binding of different effectors and trigger
different downstream cellular events (Strahl et al., 2000). Importantly, the deregulation of
histone modification enzymes is directly correlated with different types of cancer including
Acute myelogenous leukemia (AML) and breast cancer (Hake et al., 2004). Moreover, it has
also been observed that cancer cells trend to lose acetylation on lysine 16 of histone H4 but
gain trimethylation on lysine 20 of H4, now recognized to be a hallmark of cancer (Frage et
al., 2005).
Histone phophorylation is relatively less understood as compared to methylation and
acetylation. It was previously thought to mainly function in mitosis (Giet and Glover, 2001).
However, converging recent data indicate that this modification also plays an essential role
during interphase. In mammals, H3S10 phosphorylation was linked to the activation of
immediate-early (IE) genes (Clayton et al., 2003). Several interphase kinases have been
described to phosphorylate histone H3S10 including MSK (Mitogen- and Stress activated
Kinase), RSK (Ribosomal S6 Kinase) and PIM-1. Mutations in RSK has been associated
with Coffin-Lowry Syndrome in which EGF-induced H3S10ph is defective (Trivier et al.,
1996; Sassone-Corsi et al. 1999), while the H3S10ph mediated by PIM-1, a proto-oncogene,
is required to active the transcription of myc target genes and the subsequent transformation
(Zippo et al., 2007).
In Drosophila, JIL-1 has been shown to be the predominant interphase histone H3S10
kinase (Jin et al., 1999; Wang et al., 2001). The loss-of-function mutation results in severe
reduction of H3S10ph level as well as lethality before adult stage (Wang et al., 2001),
suggesting this kinase is essential for development (Zhang et al., 2003). This protein is
required to maintain higher-order chromosome structure, and the severity of disruption on
chromosome structure is correlated to the reduction of protein level in animal (Wang et al.,
2001).  The male X chromosome is particularly sensitive to the loss of JIL-1 kinase, and the
banding pattern in polytene chromosome in JIL-1 null mutant is totaly disrupted (Wang et al.,
2001; Deng et al., 2005). The male X phenotype is correlated with JIL-1’s function in dosage
compensation in that JIL-1 physically associates with the MSL dosage compensation
4complex (Jin et al., 2000) and maintains the hyper-expression of dosage compensated genes
on the male X chromosome (Lerach et al, 2005).
In a PEV (Position Effect Variegation) assay of the wm4 allele, JIL-1 hypomorphic
loss-of-function alleles display strong suppression of variegation, and can further counteract
the effect of other dominant enhancers of PEV like E(var)2-1 (Lerach et al., 2006).
Interesting, mutations in another suppressor of PEV, the histone H3K9 methyltransferase
Su(var)3-9, can partially rescue the lethality and chromosome defects of JIL-1 null mutants
(Zhang et al., 2006), suggesting JIL-1 functions in antagonizing heterochromatin formation.
However, it is not clear mechanistically how JIL-1 and Su(var)3-9 counteract each other to
balance gene expression and whether there are other genes involved in this process.
As a multi-domain protein with tandem kinase domains, the molecular mechanism of
JIL-1 function still remains largely unknown. A series of research questions still remain
unanswered including: do other genes interact physiologically or/and genetically with JIL-1?
How is JIL-1 targeted to chromosomes? What are the functions of its non-kinase domains? In
this thesis, these questions will be experimentally addressed, and the significance as well as
future directions of this study will be discussed.
THESIS ORGANIZATION
This thesis commences with a general introduction chapter which describes the
background information of the epigenetic research field and what is known about the JIL-1
histone kinase. An extensive literature review is also included in this section, addressing how
gene expression is regulated by different players including the nuclear lamin and different
histone modifiers.
The thesis is then organized into five papers. The first paper was published in Journal
of Cell Science in November 2005, and describes the interaction between JIL-1 and lamin
Dm0. In this paper Xiaomin Bao did the in vitro interaction assays and in vivo genetic
validations. Dr. Yanming Wang did the yeast 2-hybrid screen and discovered lamin Dm0 as a
potential interaction partner with JIL-1, and Dr. Weiguo Zhang contributed to part of the
stainings in Figure 5.
5The second paper addressing lamin’s effect on position effect variagation (PEV) was
published in March 2007 on Genetica. This paper demonstrated that multiple lamin alleles
could enhance PEV, emphasizing the gene expression regulation role of lamin Dm0 in
addition to its well-known function as just a scaffold protein in the nucleus. Xiaomin Bao
made the primary observation and collected all the data for this paper.
The third paper published in Genetics in June 2007 discusses JIL-1’s role in PEV.
When reporter genes are inserted in the pericentrimeric sites, loss-of-function alleles of JIL-1
function as enhancers of PEV, while a C-terminal domain (CTD) truncation mutation JIL-
1Su(var)3-1 allele functions as a strong suppressor, suggesting the importance of JIL-1’s CTD in
gene expression regulation. Xiaomin Bao made the discovery and collected the data for the
Su(var) function of the JIL-1Su(var)3-1 allele at the 118-E insertion site, while the rest of the data
were contributed by Dr. Jack Girton.
The fourth paper published in the same journal three months later focuses on the
possible mechanism of JIL-1’s role on PEV. The findings indicate that while Su(var)3-9
histone methyltransferase activity is a major factor in the lethality and chromatin structure
perturbations associated with loss of the JIL-1 histone H3S10 kinase, these effects are likely
to be uncoupled from HP1. Huai Deng and Xiaomin Bao are the co-first authors of this
paper. Huai emphasized JIL-1’s interaction with Su(var)3-9 while Xiaomin tested JIL-1’s
interaction with HP1.
The fifth paper is a manuscript being prepared for submission. This paper describes
the targeting mechanism of JIL-1 to chromatin. Xiaomin Bao microinjected and analyzed the
-CTD transgenic flies, made the observation that the CTD transgene alone can partially
rescue the polytene chromosome morphology of JIL-1 null mutants, and discovered that
CTD can directly interact with histone H3.  Robert Krenick made the CFP-CTD transgene,
and Dr. Weiguo Zhang analyzed the dominant negative effect of overexpressing CTD in a
wild-type background.
The final part of this thesis is a general conclusion chapter that discusses the major
functions of CTD, and proposes potential experiments for future research. In addition,
unpublished data including the analysis for other transgenes including JIL-1-MK1 (kinase
6domain I inactive) and JIL-1-MK2 (kinase domain II inactive), as well as the work indicating
that JIL-1 does not phosphorylate H3S28, are organized in the appendix section.
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CHAPTER 2. LITERATURE REVIEW
NUCLEAR LAMIN AND GENE EXPRESSION
The cell nuclear membrane is composed of two major components: the outer part,
which is a double lipid bilayer, and an inner part, which is built upon the nuclear lamina and
mainly composed of nuclear lamins. Generally speaking there are two major types of lamin:
Lamin B, which is expressed in all cells and required for nuclear integrity for development
(Vergnes et al., 2004), and lamin A/C, which is found only in differentiated cells and thus
also used as a marker for stem cell differentiation (Constantinescu et al., 2006). The number
of lamin genes roughly correlates with the complexity of corresponding organism: there is
only one lamin gene in C. elegans, two in Drosophila (lamin Dm0 and lamin C), and at least
4 different lamins in Xenopus including lamin B1, lamin B2, lamin A and lamin LIII (Erber
et al., 1999).
Lamin is a to type V intermediate filament. Structurally it can be divided into three
parts: the N-terminal head region, the rod region, and a C-terminal tail region which also
contains an Ig-like fold. The rod domain is the major region that mediates parallel
interactions between lamin monomers while the head-to-tail interaction is required for further
assembly.  Thus it is not surprising that a N-terminal truncation of lamin can poison lamin
assembly (Moir et al., 1991), and various mutations at the C-terminal region also affect
lamina morphology.
So far no heritable human diseases have been mapped to the lamin B gene, probably
because lamin B is such an essential gene that its integrity is required for viability. However,
over 150 diseases have been already found thus far to have a link with lamin A, including
muscular dystrophy and progeria (Mattout et al., 2006). A possible mechanism to explain
why muscular dystrophy arises from lamin mutation is that a compromised nuclear lamina
results in reduced resistance to mechanical stress, and muscle cells must withstand
considerable such forces. In support of this theory, fibroblast cells isolated from lamin A
knock-out mice have been shown to be vulnerable to mechanical stress and have a down
regulation of mechanical-stress related genes (Lammerding et al, 2004).
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Progeria, on the other hand, may be the most well studied lamin related disease and is
commonly caused by a mutation that activates a novel splicing site and leads to the
expression of a shorter-form of lamin A protein which contains a deletion of 50 AA near the
C-terminus. This truncated lamin protein, also known as progerin, dominantly affects the
nuclear structure resulting in a thickened nuclear envelope, disrupted nuclear pore
organization, and deformed nuclear shape (Goldman et al., 2004). Furthermore, this truncated
protein trends to accumulate in the nucleus and can lead to premature senescence
(McClintock et al., 2006). In addition to the splicing mutation, more than 10 other sites have
been identified in the lamin A gene region of progeria patients with most of the mutations
having a dominant effect (Gruenbaum et al., 2006). One potential therapy proposed to
suppress splicing at the cryptic splice site using a modified oligo nucleotide to correct the
splicing defect, and this method has already been shown to reverse the phenotype of HGPS
fibroblast to normal morphology in vitro (Scaffidi et al., 2005).
Although lamin is generally recognized to be a structural protein, it is dynamic.
Lamin proteins undergo multiple post-translational modifications including phosphorylation
and isoprenylation; the lamina structure disassembles during mitosis and reassembles at
interphase; and more importantly, there is a soluble pool of lamin protein that can participate
in the regulation of gene expression and DNA replication. One early piece of evidence on
intranuclear lamin comes from indirect staining in human dermal fibroblast cells. Christopher
Hutchison’s group in Scotland consistently observed a spot- or fiber- patterned lamin staining
in G1 cells by using two different monoclonal antibodies and three different fixation
protocols (Bridger et al, 1993).  With another monoclonal lamin antibody that specifically
recognizes lamin in western blotting, Parnaik’s group claimed that the intranuclear lamin
signal they observed colocalized with RNA splicing factors SC-35 and U5-116 (Jagathesssan
et al., 1999).  Interestingly, when cells were treated with RNA pol II inhibitors alpha-
amanitin, the lamin speckles were enlarged as well as the splicing factor foci (Kumaran et al.,
2002), suggesting lamin is also implicated in RNA pol II transcription. Furthermore,
Goldman’s group also demonstrated lamin’s role in transcription by expressing an N-
terminal deletion lamin protein that not only dominantly altered nuclear organization,
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inhibited mRNA synthesis, but also changed the spatial distribution of TBP (Spann et al.,
2002).
In addition, some studies suggest that lamin indirectly alters the gene expression
profile by changing the spatial positioning of chromosomes. In lamin B knock-out mouse
embryonic fibroblast cells, chromosome 18 changes its relative position in the nucleus.
Microarray data from these cells indicates that 614 clustered genes have altered expression
patterns as compared to wild-type cells, with down regulation as the predominant trend
(Malhas et al., et al., 2007).
Recently, another novel mechanism was suggested for how lamin may regulate gene
expression by proposing that it directly interacts with transcription factors and regulate their
activity. This model was supported by studies showing Lamin A/C can associate with c-Fos,
thus reducing formation of c-Fos/c-Jun heterodimers and repressing gene expression by
suppressing AP-1 function (Ivorra et al., 2006).
Finally yet importantly, lamin B receptor (LBR) plays a significant role in mediating
lamin’s function in gene regulation. In vitro assembly experiments suggest that LBR, which
is abundant in the nuclear lamina, can directly associate with chromosomes with a distinctive
banding pattern (Pyrpasopoulou et al., 1996). This binding pattern is suggestive of a
heterochromatin association since LBR can interact with the chromo-shadow domain of HP1
(Ye et al., 1997). Immunocomplex purification also indicates that LBR associates with
heterochromatin histone modification markers such as H3K9me and H3K27me, but not
euchromatin markers like H3K4me (Makatsori et al., 2004).
HISTONE MODIFICATIONS AND GENE EXPRESSION
Histone methylation
Methylation can occur both on Arginine and Lysine residues and is involved in a
series of important biological events including gene expression regulation and epigenetic
inheritance. The known Arginine methylation sites include H3R2, H3R8, H3R17. H3R26
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and H4R3 (Wysocka et al., 2006), and those are catalyzed by protein arginine
methyltransferases (PRMTs). Although the exact pathways of histone Arginine methylation
is still an enigma, this modification is required for mammalian development and is implicated
in both gene activation and repression.
In contrast, the role of histone methylation on lysine is much better understood. There
are mainly two different types of histone lysine methyl-transferase (HMT): SET (Su(var)3–9,
Enhancer of Zeste, Trithorax) domain proteins and non-SET domain proteins like Dot1 in
yeast (Martin et al., 2005). So far, the methylation on six different lysines is directly
associated with transcription regulation. The methylation on H3K4, H3K36 and H3K79 is
correlated with gene activation while methylation on H3K9, H3K27 and H4K20 is
implicated in gene repression. All these six lysine residues can be either mono-, di- or tri-
methylated, and interestingly, the HMTs are usually so specific that they can only catalyze
the methyl-transfer reaction for a specific methylation state of their substrate (Kouzarides
2007).
H3K4 methylation is directly linked with activated genes and its role in gene
regulation not only is linked to facilitating with Pol II elongation but also involves recruiting
other PHD domain protein-containing complexes to further influence transcription. All three
states of H3K4 methylation are enriched throughout the entire ORFs, with H3K4me1
enriched at 3’ regions of genes, H3K4me2 more evenly distributed throughout the entire gene
span, and H3K4me3 preferentially associating with the 5’ promotor region (Li et al., 2007).
In yeast, the H3K4 methylation is carried out by HMT Set1. The enzyme per se is sufficient
to mediate H3K4 monomethylation, however, the di-methyl and tri-methyl events are
assisted by PAF complex and RNA pol II (Hampsey et al., 2003). Genome-wide analysis in
human cells revealed a similar H3K4 methylation distribution pattern along the gene region.
Similar to yeast Set1, the methyltransferase MLL is not sufficient for H3K4me3 without its
cofactor WRD5 (Wysocka et al., 2005).
Only recently the demethylating enzyme counteracting H3K4 methylation was
identified as LSD1, and it must associate with Co-REST in order to demethylate histones in a
nucleosomal context (Lee et al., 2005).  LSD1 functions as a gene repressor when it is
associated with H3K4 (Shi et al., 2004). However, when LSD1 binds androgen receptor
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(AR), its specificity can then be converted towards demethylating H3K9 which activates
gene expression (Metzger et al., 2005).
H3K9 methylation is generally regarded as a marker for pericentric heterochromatic
gene silencing. In Drosophila, the HMT Su(var)3-9 specifically methylates H3K9 in
heterochromatic regions, and its interdependent association with HP1 stabilizes their
heterochromatic localization (Schotta et al., 2002). Interestingly, recent studies also suggest
that the H3K9 methylation is found in euchromatic areas as well, and the HMT for this
purpose is G9a, whose HMTase activity is required for gene repression. The G9a knock-out
mice die early in embryonic stage, suggesting the H3K9 methylation in euchromatic genes
are essential for development (Tachibana et al., 2002).
HP1 binds H3K9 methylation via its chromodomain (Jacobs, et al., 2002), and the
three different HP1 isoforms HP1, HP1 and HP1 bind differently to euchromatic and
heterochromatic regions. Although the heterochromatin regions in living cells are usually
very stable, the binding kenetics of HP1 on chromatin is quite dynamic as revealed by FRAP
assay (Cheutin et al., 2003). This “breathing” of heterochromatin may provide accessibility
for other transcription regulators, and allow activation of gene expression when new signals
are received.
H3K9me2 and H3K9me1 can be demethylated by the JmjC domain protein JHDM2
(Yamane et al., 2006). Demethylation for H3K9me3 is mediated by JHDM3, another JmjC
domain protein that can additionally demethylate H3K9me2, H3K36me2 and H3K36me3
(Klose et al., 2007).  The function of JHDM2 is implicated in gene expression regulation
mediated by nuclear receptors (Lee et al., 1995), and misregulation of JHDM3 is implicated
in the development of cancer (Whetstine et al., 2006), as indicated by the upregulation of
these enzymes in esophageal cancer cells (Yang et al., 2000).
Histone acetylation
Unlike methylation, which occurs on both lysines and arginines, histone acetylation
has so far only been found on lysine residues. Acetylated lysine residues are observed on the
N-terminal tails of all four histone proteins, and are also found on histone cores of H3 and
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H4. The general consequence of this modification is thought to disrupt the interaction
between DNA and histone, leading to a more “opened” state of chromatin and facilitating
transcription. Two major types of enzymes, HATs and HDACs, balance histone acetylation
and modulate gene expression.
According to protein domain similarities, different HATs are usually divided into two
families: The MYST (MOZ, Ybf2/Sas3, Sas2, Tip60) family and the GNAT (GCN5-related
N-acetyltransferase) family (Cheng et al., 2001). The GCN5 transcriptional adaptor in yeast
was the first identified histone acetyltransferse and belongs to different complexes including
SAGA and ADA (Brown et al., 2000). This HAT is evolutionary conserved, and it has two
homologs in humans: hsGCN5 and hsP/CAF (P300/CREB bing protein associated factor).
Interestingly, P/CAF additionally associates with two other HATs p300 and CBP (Yang et
al., 1996), and the function of p300/CBP in transcription is known as bridging specific
transcriptional factors to basal transcriptional machinery (Chan et al., 2001).
One important acetylation in Drosophila is H4Ac16, which is directly related to the
dosage compensation mechanism in males. The responsible HAT for this modification is
Mof, a member of the MSL (male specific lethal) complex. Mof presents in both sexes but
upregulates on the male X chromosome. The resulting high level of H4Ac16 enhances gene
expression not only by maintaining a more open chromatin state, which is directly supported
by in vitro biochemical assays (Shogren-Knaak et al., 2006), but also by directly facilitating
transcription elongation (Smith et al., 2001).
Histone phosphorylation
The phosphorylation on histone proteins are carried out specifically by different
kinases. Different histone phosphorylation sites are involved in a variety of events including
transcription, DNA double strand break and apoptosis.
A hallmark of DNA double strand breaks is H2Ax phosphorylation on serine 139
(Rogakou et al., 1998), which is important for recruiting the repair machinery to the damaged
sites. DNA damage is also correlated with the de-phosphorylation of H3T11. The kinase
phosphorylating H3T11 is chk1, and its disassociation with chromatin is linked to gene
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repression in response to DNA damage (Shimada et al., 2008). In addition, the histone H4
Serine 1 is also implicated in the DNA damage response in yeast. H4S1 turns out to be a
substrate for Casein kinase II (CK2), which is implicated in regulating DNA damage
response. The role of this modification has been proposed to facilitate the re-joining of DNA
ends after a double strand break (DSB) occurs (Cheung et al., 2005).
During apoptosis, the chromatin undergoes condensation, and histone
phosphorylation is also linked to this process. In yeast, H2BS10 is phosphorylated by Sterile
20 kinase when the cells undergo apoptosis triggered by hydrogen-peroxide (Ahn et al.,
2005).  This pathway is evolutionarily conserved in that the mammalian homolog of Sterile
20 kinase, the Mst kinase, can also trigger H2B S14 phosphorylation during apoptosis, and
this phosphorylation is dependent on the cleavage of Mst by caspase-3 and the subsequent
translocation of this kinase to the nucleus (Cheung et al., 2003).
Histone phosphorylation also plays an important role during mitosis. In most cell
types the H3S10 phosphorylation starts from centrimeric region during G2 phase, then
spreads to the whole chromosome, but is eventually removed after cytokinesis (Prigent et al.,
2003). Aurora B is generally considered to be the kinase responsible for mitotic H3S10
phosphorylation; however, the depletion of this kinase does not affect normal chromosome
condensation (Adam et al., 2001) suggesting this modification does not directly modulate
chromosome condensation during mitosis. Thus the role of H3S10 phosphorylation may be
to just mark the mitotic chromosomes as a different state from interphase chromosomes
(Hans et al., 2001).
In addition to its role during mitosis, H3S10ph also occurs in interphase and regulates
gene expression. One well-studied H3S10 kinase is the oncogene PIM-1, which is recruited
by myc to its targets, and consequently turns on target gene expression (Zippo et al., 2007).
In mammalian system, both MSK and RSK kinases can also phosphorylate H3S10 in vitro.
There was a debate concerning whether MSK or RSK is the kinase responsible for the
H3S10ph upon stress stimuli (Trivier et al., 1996; Sassone-Corsi et al., 1999). The
experiment showing the normal stress response in Coffin-Lowry Syndrome patient
fibroblasts disproves RSK as the potential kinase (Soloaga et al., 2003). In addition, the
immediate early gene induction is impaired in MSK1 MSK2 deficient cells, supporting that
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MSK is the kinase for H3S10ph in mitogen/stress response (Soloaga et al., 2003).
Interestingly, the MSK1, MSK2 double knock out mice (Wiggin et al., 2002) are viable, and
the RSK2 knock out mice are also viable (Dufresne et al., 2001), suggesting MSK and RSK
play redundant roles during development.
The interplay among different chromatin modifiers
Recent advances in understanding the regulation and recruitment of different
epigenetic regulating proteins suggests that these enzymes do not play in solo, but rely on
each other and complete different regulation events synergistically. One recent discovery
reports on the regulation of Suv39h1, which is the human homolog to Su(var)3-9 in
Drosophila. This protein is regulated by acetylation, and the deacetylation of this protein by
SIRT1 results in an increase of its enzymatic activity and consequently elevates the level of
H3K9me3 (Vaquero et al., 2007). This exemplifies the cooperation of two gene-silencing
histone modifiers in promoting heterochromatin formation.
Furthermore, individual histone modifications also cross talk with one another. It was
found that Gcn5, a histone acetyltransferase specific for H3K14, increases its activity 10-fold
when the substrate is also modified by phosphorylation at H3S10 (Cheung et al., 2000),
demonstrating H3S10ph and H3K14Ac are coupled in response to EGF stimuli. In contrast,
the H3S10ph has an opposing effect on H3K9Ac that the increase level of H3S10ph by
mutation in the Glc7 phosphatase can significantly reduce the H3K9Ac in yeast (Edmondson,
et al., 2002). This indicates one histone modification can strongly affect the post-translational
modification status of neighbouring residues, to cooperate in different biological missions.
SUMMARY
Gene expression is regulated by different modes, including the positioning of genes at
the periphery/interior of the nucleus as regulated by the chromatin/lamin interaction, and the
different histone modifications and DNA methylation throughout the gene-coding region
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along the genome. Different epigenetic modifiers do not work alone, but coordinate with
each other to accomplish different activating/silencing events. The new understanding of the
functions of different epigenetic regulators, as well as the discovery of new epigenetic
markers and modifiers, will shed light on the how cells proliferation and differentiation
during development.
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CHAPTER 3. THE JIL-1 KINASE INTERACTS WITH LAMIN
DM0 AND REGULATES NUCLEAR LAMINA MORPHOLOGY
OF DROSOPHILA NURSE CELLS
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Xiaomin Bao, Weiguo Zhang, Robert Krencik, Huai Deng, Yanming Wang, Jack Girton,
Jørgen Johansen and Kristen M. Johansen
SUMMARY
We have used a yeast two-hybrid screen to identify lamin Dm0 as an interaction
partner for the nuclear JIL-1 kinase.  This molecular interaction was confirmed by GST-
fusion protein pull-down assays and by co-immunoprecipitation experiments. Using deletion
construct analysis we show that a predicted globular domain of the basic region of the
COOH-terminal domain of JIL-1 was sufficient for mediating the molecular interactions with
lamin Dm0.  A reciprocal analysis with truncated lamin Dm0 constructs demonstrated that the
interaction with JIL-1 required sequences in the tail domain of lamin Dm0 that include the Ig-
like fold.  Further support for a molecular interaction between JIL-1 and lamin Dm0 in vivo
was provided by genetic interaction assays.  We demonstrate that nuclear positioning and
lamina morphology were abnormal in JIL-1 mutant egg chambers.  The most common
phenotypes observed were abnormal nurse cell nuclear lamina protrusions through the ring
canals near the oocyte as well as dispersed and mislocalized lamin throughout the egg
chamber.  These phenotypes were completely rescued by a full-length JIL-1 transgenic
construct.  Thus, our results suggest that JIL-1 kinase activity is required to maintain nuclear
morphology and integrity of nurse cells during oogenesis and that this function may be linked
to molecular interactions with lamin Dm0.
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INTRODUCTION
Control of gene expression is a complex process involving regulatory mechanisms
that are integrated at multiple hierarchical levels ranging from primary regulatory DNA
sequences to interactions of chromatin with the nuclear lamina (reviewed in Goldberg et al.,
1999a; Wilson et al., 2001; Goldman et al., 2002; van Driel et al., 2003).   In Drosophila we
have recently identified a chromosomal tandem kinase, JIL-1, that regulates chromatin
structure (Jin et al., 1999; Wang et al., 2001; Deng et al., 2005) and has been implicated in
transcriptional regulation (Zhang et al., 2003a,b) as it localizes to interband regions of
polytene chromosomes and is a member of the MSL (male specific lethal) dosage
compensation complex (Jin et al., 2000).  JIL-1 is an essential kinase and mutational analysis
has shown that it is the predominant kinase regulating histone H3 Ser10 phosphorylation in
the interphase nucleus (Wang et al., 2001).  However, it is not known whether physiological
substrates of JIL-1 may include other nuclear proteins or whether there are proteins directly
regulating the function of JIL-1.  In order to identify such proteins that interact with JIL-1 we
carried out yeast two-hybrid screens using different JIL-1 regions as bait.  Here we report
that the Drosophila nuclear lamin Dm0 directly interacts with the COOH-terminal domain of
JIL-1.
Lamins are intermediate filament proteins that are constituents of the inner nuclear
membrane (Goldman et al., 2002).  In Drosophila there are two lamins, lamin Dm0 and lamin
C (Riemer et al., 1995).  Lamin Dm0 is present in all Drosophila cells except mature sperm
whereas lamin C is expressed only after stage 12 of embryogenesis (Riemer et al., 1995;
Lopez and Wolfner, 1997).  Lamins and associated proteins have recently been implicated in
multiple functions including maintenance of nuclear structure and regulation of chromatin
organization and they may furthermore have structural roles in the elongation phase of DNA
replication (reviewed in Wilson et al., 2001).  Defects in one or more of these functions are
likely to be responsible for the majority of clinical symptoms and tissue specific pathologies
found in human laminopathies (Wilson et al., 2001).  In addition, in Drosophila nuclear
lamins have been shown to be involved in determining aspects of cytoplasmic organization
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and egg polarity (Guillemin et al., 2001) as well as in regulating nuclear migration of
photoreceptor cells through links to the cytoskeleton (Patterson et al., 2004).
In this study we have used deletion construct analysis of lamin Dm0 to map the
regions required for binding to the JIL-1 COOH-terminal domain.  We show that the binding
activity is localized to a region within the tail-domain of lamin Dm0 that includes the Ig-like
fold.  Furthermore, we demonstrate that nuclear positioning and lamina morphology are
abnormal in JIL-1 mutant egg chambers.  The most common phenotypes observed were
abnormal nurse cell nuclear lamina protrusions through the ring canals near the oocyte as
well as dispersed and mislocalized lamin throughout the egg chamber.  These phenotypes
were completely rescued by a full-length JIL-1 transgenic construct.  However, the nuclear
lamina in other tissues such as polytene nuclei from salivary glands of JIL-1 mutant third
instar larvae appeared normal suggesting that JIL-1 may only affect nuclear morphology and
lamina organization at certain developmental stages.
MATERIALS AND METHODS
Drosophila Stocks
Fly stocks were maintained according to standard protocols (Roberts, 1986).  Oregon-
R or Canton-S was used for wild-type preparations.  The JIL-1
EP3657 
 (JIL-1
3657
),  JIL-1h9, and
JIL-1
z2
 alleles have been previously described (Wang et al., 2001; Zhang et al., 2003a).
Balancer chromosomes and mutant alleles are described in Lindsley and Zimm (1992).  The
Lam
4643
 allele was obtained from the Bloomington Drosophila Stock Center and the LamA25
allele was the generous gift of Dr. J.A. Fischer.  The relative viability of double mutant flies
was determined by performing crosses and dividing the numbers of eclosed flies of each
genotype with the total number of eclosed flies.  For rescue experiments a line carrying a
full-length JIL-1 transgene on the second chromosome was crossed into JIL-1z2/JIL-1h9
heterozygous flies as previously described (Wang et al., 2001).  All genetic crosses and
interaction assays were conducted at 23˚C.
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Yeast two-hybrid interaction assays
JIL-1 cDNA sequence encoding a 314 amino acid (aa) fragment comprising JIL-1's
COOH-terminal domain (JIL-1 CTD) was subcloned in-frame into the yeast two hybrid bait
vector pGBKT7 (Clontech) using standard methods (Sambrook and Russell, 2001) and
verified by sequencing (Iowa State University Sequencing Facility).  The JIL-1 CTD bait was
used to screen a Drosophila 0-2 hour embryonic yeast two-hybrid library (the generous gift
of Dr. L. Ambrosio) as previously described (Zhang et al., 2003b; Rath et al., 2004).  Two
positive cDNA clones were isolated, retransformed into yeast cells containing the JIL-1 CTD
bait to verify the interaction, and sequenced.  Homology searches identified the clones as two
independent isolates of lamin Dm0 of different lengths containing residues 216-622 and 270-
622, respectively.
Antibodies
The lamin Dm0 mAb HL1203 was provided by Drs. M. Paddy and H. Saumweber and
has been previously characterized (Gruenbaum et al., 1988) and the anti-lamin polyclonal
antiserum R836 (Stuurman et al., 1996) was the gift of Dr. P. Fisher.  The affinity purified
Hope rabbit anti-JIL-1 polyclonal antibody was described in Jin et al. (1999) and the anti-
GST mAb 8C7 in Rath et al. (2004).
Biochemical Analysis
SDS-PAGE and immunoblotting.  SDS-PAGE was performed according to standard
procedures (Laemmli, 1970).  Electroblot transfer was performed as in Towbin et al. (1979)
with transfer buffer containing 20% methanol and in most cases including 0.04% SDS.  For
these experiments we used the Bio-Rad Mini PROTEAN II system, electroblotting to 0.2 µm
nitrocellulose, and using anti-mouse or anti-rabbit HRP-conjugated secondary antibody (Bio-
Rad) (1:3000) for visualization of primary antibody diluted 1:1000 in Blotto.  The signal was
visualized using chemiluminescent detection methods (ECL kit, Amersham).  The
immunoblots were digitized using a flatbed scanner (Epson Expression 1680).
Immunoprecipitation assays.  For co-immunoprecipitation experiments, anti-lamin
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(mAb HL1203) or anti-JIL-1 antibody (affinity purified Hope-antiserum) was bound to 30 µl
protein-G Sepharose beads (Sigma) for 2.5 hours at 4˚C on a rotating wheel in 50 µl ip buffer
(20 mM Tris-HCl pH 8.0, 10 mM EDTA, 1 mM EGTA, 150 mM NaCl, 2 mM Na3VO4, 0.2%
Triton X-100, 0.2% Nonidet P-40, 1 mM Phenylmethylsulfonyl fluoride, and 1.5 µg
Aprotinin).   The appropriate antibody-coupled beads or beads only were washed and
incubated overnight at 4˚C with 200 µl of S2 cell lysate on a rotating wheel. Beads were
washed 4 times for 10 minutes each with 1 ml of ip buffer with low speed pelleting of beads
between washes. The resulting bead-bound immunocomplexes were analyzed by SDS-PAGE
and Western blotting according to standard techniques (Harlow and Lane, 1988) using mAb
HL1203 to detect lamin Dm0 and pAb Hope to detect JIL-1.  In addition control ips were
performed with Hope preimmune serum and with the leech anti-Tractin mAb 1H4 (Xu et al.,
2000).
Pull-down assays. In pull-down assays GST-fusion proteins were used to pull down
endogenous lamin Dm0 and JIL-1 proteins from S2 cell lysates.  Initially the JIL-1 GST-
fusion proteins NTD (aa 1-211) and CTD (aa 927-1207) which have been previously
described (Jin et al., 2000) and a lamin Dm0 fragment containing residue 260-622 that was
RT-PCR amplified from mRNA extractions from S2 cells were cloned into the pGEX4T
vector and expressed in E. coli using standard techniques (Sambrook and Russell, 2001).  For
subsequent experiments GST-fusion proteins with various truncations of the COOH-terminal
domains of both lamin Dm0 and JIL-1 were generated from PCR amplification and insertion
into the pGEX4T vector.  For the in vitro protein-protein interaction assays, approximately 2
µg of GST or the appropriate GST-fusion protein were coupled with glutathione agarose
beads and incubated with 300 µl of S2 cell lysate (from ~107 cells) at 4˚C overnight on a
rotating wheel. The beads were washed 4 times for 10 minutes each in 1 ml PBS with 0.5%
Tween-20, and proteins retained on the glutathione agarose beads were analyzed by SDS-
PAGE and Western blotting with signals detected by ECL chemiluminescence (Amersham).
Immunohistochemistry
Antibody labelings of ovaries, embryos, imaginal discs, and polytene salivary glands
were performed as previously described (Wang et al., 2001; Zhang et al., 2003a; Johansen
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and Johansen, 2003).  The fixative was either 4% paraformaldehyde in phosphate buffered
saline (PBS) or Bouin's fluid (0.66% picric acid, 9.5% formalin, 4.7% acetic acid).  Single,
double and triple labelings employing epifluorescence were performed using various
combinations of antibodies against lamin (mAb HL1203; pAb R836), JIL-1 (Hope pAb),
Hoechst to visualize the DNA, and rhodamine-conjugated phalloidin (Molecular Probes) to
visualize the actin cytoskeleton.  The appropriate species- and isotype-specific Texas Red-,
TRITC-, and FITC-conjugated secondary antibodies (Cappel/ICN, Southern Biotech) were
used (1:200 dilution) to visualize primary antibody labeling.  Confocal microscopy was
performed with a Leica confocal TCS NT microscope system equipped with separate Argon-
UV, Argon, and Krypton lasers and the appropriate filter sets for Hoechst, FITC, Texas Red,
and TRITC imaging.  A separate series of confocal images for each fluorophor of double
labeled preparations were obtained simultaneously with z-intervals of typically 0.5 µm using
a PL APO 100X/1.40-0.70 oil objective.  A maximum projection image for each of the image
stacks was obtained using the ImageJ software (http://rsb.info.nih.gov/ij/). In some cases
individual slices or projection images from only two to three slices were obtained.  Images
were imported into Photoshop where they were pseudocolored, image processed, and
merged.
RESULTS
JIL-1 CTD interacts with the lamin Dm0 tail domain
To identify proteins that have direct interactions with the COOH-terminal domain
(CTD) of the JIL-1 kinase, we performed a yeast two-hybrid screen using residues 893-1207
of the JIL-1 protein as bait.  Positive clones detected in the primary screen were confirmed
by -galactosidase two-hybrid interaction assays on filter paper following retransformation
of the candidate clones and JIL-1 CTD bait plasmid into the yeast strain AH109 (data not
shown).  From this screen, two independent clones containing lamin Dm0 fragments of
different lengths (residues 216-622 and 270-622, respectively) that both included the tail
domain were identified.  To further verify the interaction between lamin Dm0 and JIL-1 that
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we observed in the yeast two-hybrid assays we performed pull-down assays with JIL-1 NH2-
and COOH-terminal GST-fusion proteins using protein extracts from the S2 cell line. The
two JIL-1-GST fusion proteins were coupled with glutathione agarose beads, incubated with
S2 cell lysate, washed, fractionated by SDS-PAGE, and analyzed by immunoblot analysis
using lamin Dm0 specific antibody (Fig. 1A).  Whereas the GST-JIL-1-NTD and beads-only
controls showed no pull-down activity, GST-JIL-1-CTD was able to pull down lamin Dm0 as
detected by the lamin Dm0 antibody.  Western blot analysis of the GST proteins purified in
these experiments and detected with GST-antibody showed that approximately equivalent
levels of GST-JIL-1-NTD and GST-JIL-1-CTD fusion proteins were present in these assays
(Fig. 1B).  In the reciprocal pull-down experiments a GST-lamin Dm0 fusion protein
comprised of residues 260-622 (similar in length to the smaller of the two identified two-
hybrid interacting clones) was incubated with total S2 cell lysate and analyzed by
immunoblot analysis as described above (Fig. 1C).  GST protein coupled to glutathione-
agarose beads or beads-only incubated with total S2 cell lysate served as controls.  Whereas
the GST and beads-only controls showed no pull-down activity, the GST-lamin Dm0 fusion
protein was able to pull down JIL-1 as detected by JIL-1 antibody.  Western blot analysis of
the GST proteins purified in these experiments and detected with anti-GST antibody showed
that approximately equivalent levels of GST-lamin Dm0 and GST protein were present in
these assays (Fig. 1D).  In addition, we performed immunoprecipitation (ip) experiments
using S2 cell lysates.  For these immunoprecipitation experiments proteins were extracted
from S2 cells, immunoprecipitated using either JIL-1 or lamin Dm0 specific antibodies,
fractionated on SDS-PAGE after the ip, immunoblotted, and probed with antibodies to lamin
Dm0 and JIL-1, respectively.  Fig. 2A shows an ip experiment using lamin Dm0 antibody
where the immunoprecipitate is detected by JIL-1 antibody as a 160 kD band that is also
present in the S2 cell lysate.  This band was not present in lanes where a control mAb (mAb
1H4 is specific to an unrelated leech antigen [Xu et al., 2000]) or immunobeads-only were
used for the ip (Fig. 2A).  Figure 2B shows the converse experiment: JIL-1 antiserum
immunoprecipitated a 76 kD band detected by lamin Dm0 antibody that was also present in
S2 cell lysate but not in control ips with immunobeads only.  The lamin Dm0 band was also
not present in lanes immunoprecipitated with JIL-1 preimmune serum (Fig. 2B).  These
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results strongly indicate that lamin Dm0 and the JIL-1 kinase are present in the same protein
complex.
Mapping of the JIL-1 and lamin Dm0 interaction domains
The region of JIL-1 that was found to interact with lamin, the JIL-1 CTD-domain, can
be further divided into two distinct regions: an acidic region from residue 887-1033 that has a
predicted pI < 4 and a basic region from residue 1034-1207 that has a pI > 11 (Fig. 3A).
Furthermore, using the program GlobPlot (Linding et al., 2003) we identified a putative
globular domain present within the basic region that spans residues 1065-1187.  Thus, in
order to better define the sequences of JIL-1 responsible for the molecular interaction
between JIL-1 and lamin Dm0, we generated GST fusion proteins comprising these three
regions, CTD-A, CTD-B, and CTD-G, respectively (Fig. 3A) and performed pull down
experiments of proteins from S2 cell lysate as described above.   As shown in Fig. 3B the
CTD, CTD-B, and CTD-G fusion proteins all pulled down a 76 kD protein detected by lamin
Dm0 antibody also present in the S2 cell lysate.  This band was not present in pull-down
assays with the CTD-A fusion protein or in beads-only controls (Fig. 3B).  Immunoblot
analysis of each of the input GST fusion proteins probed with anti-GST antibody showed
comparable levels of GST-fusion proteins in each of the pull-down assays (Fig. 3C).  These
results suggest that the prospective globular domain of the basic region of the COOH-
terminal domain of JIL-1 is sufficient for mediating molecular interactions with lamin Dm0.
In order to determine the corresponding region of lamin Dm0 responsible for its
molecular interaction with JIL-1, we generated GST fusion proteins with truncations of the
lamin Dm0 clone containing residues 260-622 that had been shown to interact with JIL-1 in
the yeast two-hybrid assays and in the initial pull-down experiments (Fig. 1C).  These
constructs, lamin-D1, lamin-D2, lamin-D3, and lamin-D4, are diagrammed in Fig. 4A and
encompass various parts of the lamin Dm0 tail- and rod-domain including the Ig-like fold in
the tail domain (Dhe-Paganon et al., 2002).  The constructs were used in pull-down assays of
Drosophila S2 cell extract and analyzed by immunoblot analysis with JIL-1 antibody (Fig.
4B).   The results from these experiments showed that fusion proteins that contained residues
from the beginning of the tail domain to just after the end of the Ig-like fold (lamin-D1 and
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lamin-D3) were able to pull down a 160 kD protein band recognized by JIL-1 antibody that
was also present in the S2 cell lysate (Fig. 4B).  In contrast, fusion proteins truncated at the
end of the Ig-like fold (lamin-D2) or the COOH-terminal sequences after the Ig-like fold
(lamin-D4) were not able to pull down JIL-1 (Fig. 4B).   Immunoblot analysis of each of the
input GST fusion proteins probed with anti-GST antibody showed comparable levels of
GST-fusion proteins in each of the pull-down assays (Fig. 4C).  These results suggest that the
interaction between JIL-1 and lamin Dm0 requires sequences between residues 408 and 588
in the tail domain that include the Ig-like fold.  Attempts to define a smaller binding domain
within this region were unsuccessful (data not shown) which may indicate the presence of a
discontinuous binding surface.
Abnormalities of nuclear lamina morphology in JIL-1 mutant egg
chambers
In order to determine whether JIL-1 was required for maintaining nuclear lamina
organization we analyzed lamin Dm0 distribution in JIL-1 mutant backgrounds.  For these
experiments we examined fixed ovaries, embryos, imaginal discs, and polytene salivary
glands labeled with lamin Dm0 antibody.  No obvious morphological changes in the lamina
of nuclei were evident in embryonic or larval tissues of the null JIL-1z2/JIL-1z2 genotype (data
not shown).  This included third instar larval salivary gland nuclei which due to the absence
of JIL-1 protein have severely perturbed polytene chromosomes (Wang et al., 2001; Deng et
al., 2005).  We could not examine ovaries from JIL-1z2/JIL-1z2 flies since they die before
eclosion; however, in egg chambers of ovaries from JIL-1z2/JIL-1h9  flies which do eclose we
observed a high penetrance of abnormalities in nurse cell nuclear lamina morphology and
lamin Dm0 localization defects (Fig. 5).  The  JIL-1
h9  allele expresses a truncated JIL-1
protein that completely lacks the CTD (Zhang et al., 2003a) and the lamin Dm0 interaction
domain.  Zhang et al. (2003a) previously showed that JIL-1 is important for early
development and oogenesis since ovaries from JIL-1z2/JIL-1h9  flies are smaller than normal
and the egg chambers frequently contain abnormal numbers of nurse cells.   In normal egg
chamber development, 15 of the 16 interconnected germline cells undergo multiple rounds of
DNA replication in the absence of division (reviewed in Mahowald and Kambysellis, 1980),
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giving rise to large, polyploid nurse cell nuclei (Fig. 5A).  A layer of somatically derived
follicle cells surround the developing egg chamber, and the diploid germline-derived oocyte
cell gradually enlarges during maturation with its nucleus localizing posteriorly (reviewed in
Spradling et al., 1997).  The most common phenotype in JIL-1z2/JIL-1h9  egg chambers was
protrusions of the nurse cell nuclear lamina near the oocyte (Fig. 5C,D) as well as dispersed
and mislocalized lamin throughout the egg chamber (Fig. 5B).  Interestingly, double
labelings with lamin antibody and phalloidin showed that the nurse cell nuclei were
abnormally positioned relative to the actin cytoskeletal networks and that the nuclear lamina
protrusions were extending through the ring canals (Fig. 5E,F).  The lamina protrusion
phenotype of the nurse cell nuclei had a penetrance of 42.8% (at least one such nurse cell
nucleus was observed in 71 out of 166 mutant egg chambers examined) whereas diffused
lamin Dm0 was observed in 5.2% of mutant egg chambers (7/134).   Neither of these
phenotypes were observed in 200 wild-type egg chambers examined and the lamin
phenotypes were completely rescued by a full length JIL-1 rescue construct (Wang et al.,
2001) (data not shown).
Genetic interactions between lamin Dm0 and JIL-1 alleles
To further study whether JIL-1 and lamin Dm0 interact in vivo we explored genetic
interactions between mutant alleles of Lam  and JIL-1 by generating double mutant
individuals containing either of the Lam alleles Lam4643 or LamA25 and  JIL-13657.  The  Lam4643
allele contains a recessive lethal P element insertion 258 bp upstream of the translation
initiation site that leads to reduced lamin Dm0 protein levels (Guillemin et al., 2001;
Patterson et al., 2004).  The LamA25 allele has a frameshift that results in the deletion of the
twelve COOH-terminal amino acids including the CaaX box which localizes lamin to the
inner nuclear membrane (Patterson et al., 2004).   Loss of the CaaX box leads to a diffuse
nuclear distribution of the truncated protein; however, LamA25 flies are homozygous viable
suggesting that the truncated protein is still able to provide essential functions (Patterson et
al., 2004).  The JIL-13657 allele is a hypomorphic allele that can be maintained in a
homozygous stock for only a few generations due to the low hatch rate and recessive semi-
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lethality (Wang et al., 2001).  The hatch rate of JIL-13657 homozygous embryos produced by
homozygous parents is as low as 4% when compared to the hatch rate of wild type Oregon-R
embryos (Wang et al., 2001).   We generated double mutants of these alleles by crossing a
chromosome containing either the Lam4643 allele or the LamA25 allele into a homozygous
hypomorphic JIL-13657 background in otherwise identical crosses as indicated in Fig. 6.  To
quantify the effect of the two lamin alleles on viability we compared the ratio of JIL-13657
homozygous progeny with or without one of the Lam alleles (Fig. 6).  The viability ratio in
each cross was determined by dividing the number of eclosed flies of each genotype with the
total number of eclosed flies.    Fig. 6A compares the average ratio of eclosed Lam4643/CyO;
JIL-13657/JIL-13657 flies with that of the Sp/Cy0; JIL-13657/JIL-13657 genotype (which has two
wild-type Lam copies) from 13 independent crosses.  The average ratio of viability for
Lam4643/CyO; JIL-13657/JIL-13657 flies (0.36±0.03) was more than double that of Sp/Cy0; JIL-
13657/JIL-13657 flies (0.16±0.06).  This difference in the viability ratio between the two
genotypes was statistically significant (p<0.0001, Student's two-tailed t-test) and suggests a
genetic interaction where reduced levels of lamin Dm0 can partly rescue the recessive semi-
lethality of homozygous JIL-13657 flies.   This is in contrast to results from the same kind of
cross where the only difference was that the Lam4643 allele was replaced by the weaker LamA25
allele. In Fig. 6B the average ratio of eclosed L a mA25/CyO; JIL-13657/JIL-13657 flies is
compared to that of the Sp/Cy0; JIL-13657/JIL-13657 genotype from 21 independent crosses.  In
these crosses the average ratio of viability between the two genotypes (0.30±0.03 and
0.29±0.03, respectively) was not statistically different (p>0.8, Student's two-tailed t-test).
This suggests that the truncated protein made by this allele that still retains the JIL-1 binding
sequences can maintain sufficient interactions with JIL-1 as to not affect viability.
DISCUSSION
In this study we provide evidence that the JIL-1 tandem kinase molecularly interacts
with lamin Dm0.  This interaction was first detected in a yeast two-hybrid screen and
subsequently confirmed by pull-down and cross-immunoprecipitation assays.  Using deletion
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construct analysis we show that a predicted globular domain of the basic region of the
COOH-terminal domain of JIL-1 was sufficient for mediating the molecular interactions with
lamin Dm0.  A reciprocal analysis with truncated lamin Dm0 constructs demonstrated that the
interaction with JIL-1 required sequences between residues 408 and 588 in the tail domain of
lamin Dm0 that include the Ig-like fold.  Further support for a molecular interaction between
JIL-1 and lamin Dm0 in vivo was provided by genetic interaction assays.  These assays
demonstrated that reduced levels of lamin Dm0 in double mutant flies with the hypomorphic
Lam4643 allele could partly rescue the recessive semi-lethality of homozygous JIL-13657 flies.
However, a truncated lamin allele which provides essential lamin function and retains the
JIL-1 interaction domain had no effect on viability in double mutant flies.   This finding
strongly supports the specificity of the observed genetic interaction between the  JIL-13657 and
Lam4643 alleles.
The results from the yeast two-hybrid interaction assays suggest that the interaction
between JIL-1 and lamin Dm0 is direct.  However, JIL-1 is localized to euchromatic regions
of chromosomes and lamin Dm0 is mainly a component of the inner nuclear membrane
raising the question of how this interaction occurs.  Recently it has become clear that lamins
and associated proteins in the nuclear envelope are involved in several nuclear activities apart
from providing a barrier between the nucleoplasm and the cytoplasm (reviewed in Goldberg
et al., 1999a; Gotzmann and Foisner, 1999; Wilson et al., 2001).  One of these functions of
the nuclear lamina is to serve as a scaffold that provides attachment sites for interphase
chromatin directly or indirectly regulating many nuclear activities such as DNA replication
and transcription, nuclear and chromatin organization, cell development and differentiation,
nuclear migration, and apoptosis (reviewed in Mattout-Drubezki and Gruenbaum, 2003).  In
Drosophila it has been demonstrated that direct interactions between the tail domain of lamin
Dm0 and histone H2A and H2B may mediate the attachment of chromosomes to the nuclear
lamina (Goldberg et al., 1999b).  Interestingly, the early embryonic nuclear lamina protein
YA (Young Arrest), which is a lamin Dm0 binding protein, when ectopically expressed in
larval salivary gland cells, associates with interband regions of polytene chromosomes
(Lopez and Wolfner, 1997).  Thus, there is considerable evidence for direct interactions of
lamins with chromatin associated proteins such as JIL-1.  Furthermore, lamins have also been
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found in the nuclear interior (reviewed in Goldberg et al., 1999a; Wilson et al., 2001) and the
possibility remains that there may be a hitherto undetected soluble pool of JIL-1 that
potentially could provide additional avenues for direct interactions.
In order to determine whether disruptions in nuclear lamina organization could be
detected in JIL-1 mutant backgrounds we examined fixed ovaries, embryos, imaginal discs,
and polytene salivary glands labeled with lamin Dm0 antibody.  We observed abnormal lamin
Dm0 distribution only in ovaries of JIL-1
z2/JIL-1h9 flies.  One phenotype which was found in
about 5% of mutant egg chambers was dispersed and mislocalized lamin throughout the egg
chamber.  This is not likely to be a consequence of apoptotic events since lamins during
apoptosis are degraded by proteolysis and do not show accumulation (Lazebnik et al., 1995;
Takahishi et al., 1996; Rao et al., 1996).  The phenotype may therefore reflect a
destabilization of the integrity of the nuclear lamina leading to lamin Dm0 dispersal.  Thus,
these experiments may provide evidence that the stability of the nuclear lamina in
Drosophila egg chambers depends on JIL-1 kinase activity and phosphorylation of lamin
Dm0.  Unfortunately, this hypothesis cannot be tested at the present time due to a lack of a
functional in vitro JIL-1 kinase assay.  The other phenotype we observed in JIL-1 mutant egg
chambers with high penetrance (42.8%) was abnormally positioned nurse cell nuclei which
extended nuclear lamina protrusions through the ring canals near the oocyte.  It is not clear
how this phenotype arises.  However, several morphogenetic processes such as anterior-
posterior/dorso-ventral axis formation as well as cell and nuclear migration during oogenesis
require reciprocal cell signaling between germline, oocyte and nurse cells, and somatic
follicle cells (reviewed in Rotoli et al., 1998; Ghiglione et al., 2002; Fulga and Rørth, 2002;
Hombria and Brown, 2002).  In JIL-1 mutant backgrounds cell signaling pathways that
normally prevent nurse cell nuclei from responding to posterior migration signals may be
down-regulated, resulting in a posterior dislocalization towards the oocyte.  It has been
shown that the nuclear lamina is involved in regulating nuclear migration in the developing
eye through interactions of the lamin Dm0-binding protein Klarsicht with the microtubule
organizing center (Patterson et al., 2004).  Furthermore, Bicaudal-D, a dynein-interacting
protein required for control of nuclear migration and cytoskeletal organization in oogenesis
(Oh and Steward, 2001) has been shown to interact with lamin Dm0 in yeast two-hybrid
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assays (Stuurman et al., 1999).  Thus, dynamic local interactions of cytoskeleton-associated
motor proteins linked to lamin Dm0 may be capable of providing the forces necessary for
generating the observed deformations of the nuclear lamina.  Nuclear lamins are generally
considered to provide stiffness and incompressibility to the nuclear envelope (Dahl et al.,
2004) suggesting that the aberrations in nuclear morphology observed here may be linked to
a weakening of the nuclear lamina.  However, the present experiments cannot distinguish
between the possibilities that JIL-1 may be involved in nuclear deformation by regulating
nuclear lamina cytoskeletal interactions via direct modulation of lamin Dm0 or indirectly by
modulating a signal transduction pathway or both.
The finding that the nuclear lamina in other tissues such as polytene nuclei from
salivary glands of JIL-1 mutant third instar larvae appeared normal suggests that JIL-1 may
affect nuclear morphology and lamina organization only at certain developmental stages.  It
has recently been demonstrated that some lamin Dm0 interactions occur only during early
development indicating that special properties of the nuclear lamina may be required for
regulating nuclear processes and morphology at specific developmental stages.  For example,
the lamin Dm0 binding protein YA is expressed only in ovaries and pre-gastrulation embryos
and is required for the interaction between chromatin and the nuclear envelope during early
embryogenesis (Lopez and Wolfner, 1997).  Previously, we have demonstrated that the
interaction between JIL-1 and Lola zf5, a splice variant of the complex lola locus encoding
multiple different transcription factors, is developmentally regulated and restricted to early
embryogenesis as well (Zhang et al., 2003b).  Thus, it will be informative in future
experiments to further explore the interaction between JIL-1 and lamin Dm0 in order to
clarify how this interaction contributes to nuclear lamina function in development.
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FIGURE LEGENDS
Fig. 1. Lamin Dm0 interacts with JIL-1 in pull-down assays.  (A)  S2 cell lysate
incubated with JIL-1-NTD (aa 1-211) or JIL-1-CTD (aa 927-1207) GST-fusion protein
constructs or with a beads-only control was pelleted with glutathione-agarose beads and the
interacting protein(s) fractionated by SDS-PAGE, Western blotted, and probed with the
lamin mAb HL1203.  Unincubated S2 cell lysate was included as a control (lane 1).  Only the
JIL-1-CTD construct was able to pull down the 76 kD lamin protein (lane 4) also detected in
the cell lysate while no interaction was observed with the GST-only control (lane 2) or the
JIL-1-NTD construct (lane 3).  (B)  Immunoblot of the input GST-fusion proteins (JIL-1-
NTD and JIL-1-CTD) used for the pull-down experiments in (A) detected with the anti-GST
mAb 8C7.  (C)  S2 cell lysate incubated with a lamin-GST fusion construct (aa 260-622) or a
GST-only control or with beads-only was pelleted with glutathione-agarose beads and the
interacting protein(s) fractionated by SDS-PAGE, Western blotted, and probed with affinity
purified JIL-1 antiserum.  Unincubated S2 cell lysate was included as a control (lane 1).  The
lamin-GST fusion protein construct was able to pull down the 160 kD JIL-1 protein (lane 4)
also detected in the cell lysate while no interaction was observed with the GST-only control
(lane 3) or with the beads-only (lane 2).  (B)  Immunoblot of the input GST-fusion protein
(lamin-GST) and the GST control used for the pull-down experiments in (C) detected with
the anti-GST mAb 8C7.  The relative migration of molecular weight markers is indicated to
the right in kD.
Fig. 2.  JIL-1 and lamin Dm0 immunoprecipitation assays.  (A)  Immunoprecipitation
(ip) of S2 cell lysate was performed using the lamin mAb HL1203 (lane 1) and the leech
Tractin control mAb 1H4 (lane 2) coupled to immunobeads or with immunobeads only (lane
3).  The immunoprecipitations were analyzed by SDS-PAGE and Western blotting using JIL-
1 antiserum for detection.  JIL-1 antiserum staining of S2 cell lysate is shown in lane 4.  JIL-
1 is detected in the lamin immunoprecipitation sample as a 160 kD band (lane 1) but not in
the control samples (lane 2 and 3).  (B)  Immunoprecipitation (ip) of S2 cell lysate was
performed using JIL-1 antiserum (lane 1) as well as a preimmune serum control (lane 2)
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coupled to immunobeads or with immunobeads only (lane 3).  The immunoprecipitations
were analyzed by SDS-PAGE and Western blotting using lamin mAb HL1203 for detection.
Lamin mAb HL1203 staining of S2 cell lysate is shown in lane 4.  Lamin is detected in the
JIL-1 antiserum immunoprecipitation sample as a 76 kD band (lane 1) but not in the
preimmune or beads-only control samples (lane 2 and 3). The relative migration of molecular
weight markers is indicated to the right in kD.
Fig. 3.  Mapping of the JIL-1 interaction domain with lamin Dm0.   (A) Diagram of
the truncated COOH-terminal JIL-1 GST-fusion protein constructs used for domain mapping.
The JIL-1 COOH-terminal domain can be divided into predominantly acidic and basic
regions with the basic region containing a predicted globular domain.  (B) S2 cell lysate was
incubated with the various truncated JIL-1 GST-fusion protein constructs diagrammed in (A)
or with a beads-only control and pelleted with glutathione-agarose beads. Interacting
protein(s) were fractionated by SDS-PAGE, Western blotted, and probed with the lamin mAb
HL1203.  Unincubated S2 cell lysate was included as a control (lane 6).  The CTD, CTD-B,
and CTD-G were able to pull down the 76 kD lamin protein (lane 1, 3, and 4) also detected in
the cell lysate (lane 6) while no interaction was observed with the CTD-A construct (lane 2)
or with the beads-only control (lane 5).  This defined the globular domain in the basic region
as sufficient for mediating interactions with lamin Dm0. (C)  Immunoblot of the input GST-
fusion proteins used for the pull-down experiments in (B) detected with the anti-GST mAb
8C7.  The relative migration of molecular weight markers is indicated to the right in kD.
Fig. 4.  Mapping of the lamin Dm0 interaction domain with JIL-1.   (A) Diagram of
the truncated COOH-terminal lamin Dm0 GST-fusion protein constructs used for domain
mapping.  The Ig-like fold of the lamin Dm0 tail domain (white) is shown in black.  Some of
the constructs also contained parts of the rod domain (shown in grey).  (B) S2 cell lysate was
incubated with the various truncated lamin GST-fusion protein constructs diagrammed in (A)
or with a beads-only control and pelleted with glutathione-agarose beads. Interacting
protein(s) were fractionated by SDS-PAGE, Western blotted, and probed with JIL-1
antiserum.  Unincubated S2 cell lysate was included as a control (lane 6).  The lamin-D1 and
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Lamin-D3 constructs were able to pull down the 160 kD JIL-1 protein (lane 1 and 3) also
detected in the cell lysate (lane 6) while no interaction was observed with the lamin-D2 and
lamin-D4 constructs (lane 2 and 4) or with the beads-only control (lane 5).  This defined the
lamin-D3 domain in the tail region as sufficient for mediating interactions with JIL-1. (C)
Immunoblot of the input GST-fusion proteins used for the pull-down experiments in (B)
detected with the anti-GST mAb 8C7.  The relative migration of molecular weight markers is
indicated to the right in kD.
Fig. 5.  Egg chambers from JIL-1 mutant flies labeled with lamin Dm0 antibody.  (A)
Wild-type (WT) egg chamber labeled with lamin pAb R836.  The location of follicle cells
(f), nurse cells (n), and the oocyte (o) is indicated by arrows.  (B)  Egg chamber from a JIL-
1z2/JIL-1h9 (z2/h9) mutant fly labeled with lamin pAb R836.  The arrows indicate dispersed
and mislocalized lamin Dm0 throughout the egg chamber.  (C) and (D)  Egg chambers from a
JIL-1z2/JIL-1h9 (z2/h9) mutant fly labeled with lamin pAb R836.  The arrows point to
protrusions of the nuclear lamina of nurse cells near the oocyte.  (E) and (F)  Egg chambers
from a JIL-1z2/JIL-1h9 (z2/h9) mutant fly double-labeled with lamin pAb R836 (green) and
phalloidin (red).  The protrusions from the nuclear lamina of the nurse cells extend through
the ring canals.
Fig. 7.  Genetic interaction between JIL-1
3657
 and Lam alleles.  (A)  Presence of a
heterozygous Lam
4643  allele increases the viability of JIL-1
3657  homozygous animals.
Lam
4643
/CyO; JIL-1
3657
/JIL-1
3657
 males were mated with sp/CyO; JIL-1
3657
/JIL-1
3657 females.
JIL-1
3657 homozygotes with a Lam
4643 allele (histogram to the right)  eclosed at a rate only
about half (0.44) that of JIL-1
3657
 homozygotes with a wild type Lam allele (histogram to the
left).  The average ratios of adult flies of each genotype to total eclosed flies are from 13
independent matings.  The difference in numbers observed for the two classes was
statistically significant (p<0.0001, Student's t-test).   (B)  Presence of a heterozygous Lam
A25
allele does not affect the viability of JIL-1
3 6 5 7  
 homozygous animals. Lam
A25
/CyO; JIL-
1
3657
/JIL-1
3657 males were mated with sp/CyO; JIL-1
3657
/JIL-1
3657 females.   JIL-1
3657
homozygotes with a Lam
A25
 allele (histogram to the right) eclosed at the same rate (0.97) as
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JIL-1
3657
 homozygotes with a wild type Lam allele (histogram to the left).  The average ratios
of adult flies of each genotype to total eclosed flies are from 21 independent matings.  The
difference in numbers observed for the two classes was not statistically significant (p>0.8,
Student's t-test).
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CHAPTER 4. THE LAMIN DM0 ALLELE ARI3 ACTS AS AN
ENHANCER OF POSITION EFFECT VARIEGATION AT THE
W
M4
 LOCUS IN DROSOPHILA
A paper published in Genetica
Xiaomin Bao, Jack Girton, Jørgen Johansen, and Kristen M. Johansen
ABSTRACT
The association of lamin and lamin binding proteins with peripheral heterochromatin
suggests the possibility that lamins may influence gene expression by participating in the
epigenetic regulation of chromatin stucture.  To test this hypothesis we have examined the
effect of a recently generated partial loss-of-function lamin Dm0 allele Ari3 on PEV of the
wm4 locus in the Drosophila eye.  The LamAri3 allele is characterized by a truncation of the
COOH-terminal domain and lacks the CaaX box that localizes lamin to the inner nuclear
membrane. We show that the LamAri3 allele strongly increased silencing of wm4 expression,
thus acting as an enhancer of PEV.  These results indicate that lamins may be involved in
regulating gene silencing and heterochromatic spreading at the wm4 locus and provide
evidence that lamins may contribute to the regulation of higher-order chromatin organization.
INTRODUCTION
Recently it has become clear that lamins are involved in several nuclear activities in
addition to providing a barrier between the nucleoplasm and the cytoplasm (reviewed in
Goldberg, Harel & Gruenbaum, 1999; Gotzmann & Foisner, 1999; Wilson, Zastrow & Lee,
2001).  One of these functions of the nuclear lamins is to serve as scaffold proteins that
provide attachment sites for interphase chromatin directly or indirectly regulating chromatin
organization as well as DNA replication and transcription (reviewed in Mattout-Drubezki &
Gruenbaum, 2003).  Futhermore, heterochromatin including centromeres, telomeres, and
repetitive DNA is preferentially positioned near the nuclear envelope and its interaction with
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lamin and lamin-binding proteins has been suggested to be important for regulating the
higher-order organization of the peripheral heterochromatin (Gotzmann & Foisner, 1999;
Mattout-Drubezki & Gruenbaum, 2003).  Interestingly in this context the lamin associated
protein, LBR, has been shown to directly interact with the heterochromatin binding protein
HP1 (Ye et al., 1997).  HP1 is a highly evolutionarily conserved chromodomain protein that
was originally identified in Drosophila as a suppressor of position effect variegation (PEV)
(Eissenberg & Elgin, 2000; Mattout-Drubezki & Gruenbaum, 2003).  PEV is the
transcriptional silencing of euchromatic genes as a result of their placement near
heterochromatin by chromosomal translocations (reviewed by Wallrath, 1998; Schotta et al.,
2003).  Repression typically occurs in only a subset of cells and is heritable leading to mosaic
patterns of gene expression (Schotta et al., 2003).  Studies of this effect suggest that the gene
silencing may be due to spreading of heterochromatic factors from the heterochromatin and
that the degree of spreading depends on the organization of chromatin at the breakpoint
(reviewed in Weiler & Wakimoto, 1995). PEV in Drosophila has served as a major paradigm
for the identification of evolutionarily conserved determinants of epigenetic regulation of
chromatin structure through the isolation of mutations that act as suppressors (Su(var)) or
enhancers (E(var)) of variegation (Schotta et al., 2003).  The association of lamin and lamin
binding proteins with peripheral heterochromatin suggests the possibility that lamins may
similarly play a role in regulating PEV.  In order to test this hypothesis we have in this study
examined the effect of a recently generated loss-of-function lamin Dm0 allele on PEV of the
wm4 allele in the Drosophila eye.
MATERIALS AND METHODS
Fly stocks were maintained according to standard protocols (Roberts, 1998).  Canton-
S was used for wild-type preparations.  The LamAri3 allele is described in Patterson et al.
(2004) and was the generous gift of Dr. J.A. Fischer.  The Lam4643 is described in Guillemin
et al. (2001) and together with the In(1)wm4 stock were obtained from the Bloomington Stock
Center.  Balancer chromosomes and markers are described in Lindsley and Zimm (1992).
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Strains containing the In(1)wm4 X chromosome and the partial loss-of-function allele
LamAri3 as well as heteroallelic combinations of LamAri3 with the strong lamin Dm0 allele
Lam4643 were produced by standard crossing.  As a control, wm4 PEV was analyzed in flies
homozygous for a Canton S wild type second chromosome.  To quantify the variegated
phenotype newly eclosed adults were collected, aged for 4 – 5 days at 25˚C and were then
sorted into different classes based on the percentage of the eye that was red.  Eyes from
representative individuals from these crosses were photographed using an Olympus Stereo
Microscope and a Spot digital camera (Diagnostic Instruments).
Immunoblot analysis was performed as described in Wang et al. (2001) and Zhang et
al. (2003) using extracts from adult flies of the specified genotype.  The immunoblots were
labeled with the lamin Dm0 mAb HL1203 (Gruenbaum et al., 1988) or with -tubulin
antibody (Sigma) as a loading control.
RESULTS AND DISCUSSION
The variegated wm4 expression is a classic example of PEV.  The In(1)wm4 X
chromosome contains an inversion that juxtaposes the euchromatic white gene and
heterochromatic sequences adjacent to the centromere (Muller, 1930; Schultz, 1936).  The
resulting somatic variegation of wm4 expression occurs in clonal patches in the eye (Fig. 1A)
reflecting heterochromatic spreading from the inversion breakpoint that silences wm4
expression in the white patches and euchromatic packaging of the w gene in those patches
that appear red (reviewed in Grewal & Elgin, 2002).   In the present experiments the In(1)wm4
chromosome was crossed into hetero- or homozygous LamAri3 mutant backgrounds.  In order
to control for possible second site modifiers in the LamAri3 allele a heteroallelic combination
of LamAri3 with the strong lamin Dm0 allele Lam
4643 was also analyzed.  The LamAri3 allele is
an EMS induced point mutation that introduces a premature stop codon resulting in a
truncated protein that lacks part of the -helical rod domain and the entire COOH-terminal
domain including the NLS and the CaaX box which localizes lamin to the inner nuclear
membrane (Patterson et al., 2004).  Lam null alleles including Lam4643 are homozygous lethal;
however, the  LamAri3 allele is homozygous viable and acts as a partial loss-of-function
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mutation (Patterson et al., 2004).  The  Lam4643 allele contains a recessive lethal P element
insertion 258 bp upstream of the translation initiation site that results in low to undetectable
lamin Dm0 protein levels (Guillemin et al., 2001; Patterson et al., 2004).
wm4/(Y) flies with the +/LamAri3,; LamAri3/LamAri3, and LamAri3/Lam4643 genotypes were
scored based on the percentage of the variegated eyes that was red with wm4/(Y); +/+ flies
serving as controls.  As documented in Fig. 2 and Table 1 the distribution of the proportion
of red ommatidia in the variegated eyes was strikingly different in wild-type and
LamAri3/LamAri3 and LamAri3/Lam4643 mutant backgrounds.  Since there is a sex-specific
difference in PEV of the wm4 locus the distribution of red ommatidia in male and female flies
has been indicated separately in addition to the distribution for the total population of flies.
In wild-type lamin Dm0 backgrounds almost half of the flies (48.3%) had at least 50% red
ommatidia compared to 0% in LamAri3/LamAri3 and LamAri3/Lam4643 flies.  This is concomitant
with a dramatic increase in nearly completely white eyes.  In  LamAri3/LamAri3 flies more than
90% of the flies had less than 10% red ommatidia (Fig. 1B) compared to only about 11% of
flies with a wild-type lamin Dm0 background (Fig. 2 and Table 1).  This difference was
statistically significant (p<0.001, 2-test).  In hemizygous +/LamAri3 flies there was also a
shift towards an increasing proportion of white ommatidia although this shift was less
pronounced (Fig. 2 and Table 1).  By immunoblot analysis we verified that wild-type levels
of lamin Dm0 protein was reduced to about half in +/Lam
Ari3 flies and was below detectable
levels in  LamAri3/LamAri3  homozygous flies (Fig. 3).  The enhancement of PEV was also
pronounced in the wm4/(Y); LamAri3/Lam4643 heteroallelic combination suggesting that the
effect of the LamAri3 allele on PEV was not the result of second site modifiers.  Consequently,
these experiments provide evidence that the LamAri3 allele increases silencing of wm4
expression and acts as an enhancer of PEV.  The LamAri3 allele is characterized by a
truncation of the COOH-terminal domain and lacks the CaaX box that localizes lamin to the
inner nuclear membrane (Patterson et al., 2004).  Thus, these results are consistent with a
model where impaired lamin function leads to misregulation of the association between
peripheral heterochromatin and proteins in the inner nuclear membrane leading to a change
in chromatin structure and the spreading of heterochromatic factors that may result in
increased gene silencing at adjacent loci such as the wm4 locus.
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FIGURE LEGENDS
Figure 1.  The effect of the LamAri3 allele on wm4 PEV.  (A)  Typical variegated eye of
a ln(1)wm4 fly in a wild-type (+/+) lamin Dm0 background.  (B) Strong enhancement of w
m4
PEV in a LamAri3/LamAri3 (Ari3/Ari3) homozygous mutant background as indicated by a
nearly completely white eye phenotype.  (C) Strong enhancement of wm4 PEV in a
LamAri3/Lam4643 (Ari3/4643) heteroallelic mutant background as indicated by a nearly
completely white eye phenotype.  In addition, LamAri3 flies are characterized by having rough
eyes (Patterson et al., 2004).
Figure 2.  The lamin Dm0 Ari3 allele affects the distribution of the percentage of red
ommatidia in wm4 flies.  (A)  In the histogram the eyes from wild-type (+/+, n=1670) and
homozygous LamAri3 (Ari3/Ari3, n=203) flies were sorted into different classes based on the
percentage of the eye that was red.  The data suggest that wm4 PEV is enhanced in
homozygous LamAri3 mutant flies as indicated by an increased proportion of white ommatidia.
The difference between wild-type lamin Dm0 and homozygous Lam
Ari3 flies with less than
10% red ommatidia was compared using a 2-test.  (B)  The effect of the lamin Dm0 Ari3
allele on the distribution of the percentage of red ommatidia in male wm4 flies.   (C)  The
effect of the lamin Dm0 Ari3 allele on the distribution of the percentage of red ommatidia in
female wm4 flies.
Figure 3.  Lamin Dm0 expression in Lam
Ari3 hetero- and homozygous larvae
compared to wild-type larvae.   The immunoblots were labeled with Lamin Dm0 mAb
HL1203 and with antibody to -tubulin as a loading control.  mAb HL1203 recognizes a
carboxyl-terminal epitope that is deleted in the LamAri3 allele.  The immunoblot indicate that
the level of wild-type lamin Dm0 protein in Lam
Ari3/ LamAri3  larvae was greatly reduced.  The
relative migration of molecular weight markers is indicated to the right.
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Table 1. The LamAri3 allele enhances PEV of wm4
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Fig. 1
Fig. 2
Fig. 3
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CHAPTER 5. LOSS-OF-FUNCTION ALLELES OF THE JIL-1
HISTONE H3S10 KINASE ENHANCE POSITION-EFFECT-
VARIEGATION AT PERICENTRIC SITES IN DROSOPHILA
HETEROCHROMATIN
A paper published in Genetics
Xiaomin Bao, Huai Deng, Jørgen Johansen, Jack Girton and Kristen M. Johansen
ABSTRACT
In this study we show that loss-of-function alleles of the JIL-1 histone H3S10 kinase
act as enhancers of PEV at pericentric sites whereas the gain-of-function JIL-1
Su(var)3-1[3]
allele acts as a suppressor strongly supporting a functional role for JIL-1 in maintaining
euchromatic chromatin and counteracting heterochromatic spreading and gene silencing.
Higher order chromatin structure is important for epigenetic regulation and control of
gene activation and silencing.  Transgenes inserted into centromeric regions of chromosomes
in Drosophila can exhibit position effect variegation (PEV), a mosaic silencing of
transcription of euchromatic genes as a result of their placement in or near heterochromatin
(reviewed by WALLRATH 1998; HENIKOFF 2000; SCHOTTA et al. 2003; GIRTON and
JOHANSEN 2007).  It has recently been demonstrated that alleles of the JIL-1 locus are
important regulators of chromatin structure and gene expression (WANG et al. 2001;
EBERT et al. 2004; LERACH et al. 2005, 2006; DENG et al. 2005).  The JIL-1 histone
H3S10 tandem kinase localizes specifically to euchromatic interband regions of polytene
chromosomes in Drosophila (JIN et al. 1999) and analysis of a JIL-1 null allele, JIL-1
z2
, has
shown that JIL-1 is essential for viability (WANG et al. 2001; ZHANG et al. 2003).
Furthermore, loss of JIL-1 results in the spreading of the major heterochromatin markers
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histone H3K9 dimethylation (H3K9me2) and HP1 to ectopic locations on the chromosome
arms and genetic interaction assays have shown that JIL-1 functions antagonistically to
Su(var)3-9 which is the major catalyst for dimethylation of the histone H3K9 residue
(SCHOTTA et al. 2002; ZHANG et al. 2006). Based on these findings ZHANG et al. (2006)
suggested a model where JIL-1 histone H3S10 kinase activity functions to maintain
euchromatic domains and counteract heterochromatization and gene silencing.  A prediction
of this model is that loss-of-function JIL-1 alleles will act as enhancers of PEV resulting in
increased silencing of gene expression reporter constructs inserted into normally
transcriptionally repressive regions such as pericentric heterochromatin (JOHANSEN and
JOHANSEN 2006).
In order to test this model we examined the effect of decreased levels of JIL-1 protein
on expression of a white reporter gene in four P-element transgenic insertion lines
(WALLRATH and ELGIN 1995; WALLRATH et al. 1996; CRYDERMAN et al. 1998)
(Table 1).  Insertion of the P element (P[hsp26-pt, hsp70-w]) into euchromatic sites results in
a uniform red eye phenotype whereas insertion into known centromeric heterochromatin
regions of the fourth chromosome (line 118E-10), the X chromosome (lines 118E-25 and
118E-32), and the second chromosome (line 39C-3) results in a variegating eye phenotype
(WALLRATH and ELGIN 1995; WALLRATH et al. 1996; CRYDERMAN et al. 1998).
This silencing within the heterochromatic domains has been correlated with local alterations
in chromatin structure and/or shifts in chromatin packaging and suggests a dynamic balance
between factors promoting repression and activation of gene expression (WALLRATH and
ELGIN 1995; CRYDERMAN et al. 1998; SUN et al. 2000).  Both unique and repetitive
DNA sequences were found adjacent to these variegating transgenes suggesting that PEV
does not require that the transgenes be surrounded by repetitive sequences (CRYDERMAN
et al. 1998).  Furthermore, all of the transgenes show suppression of PEV in response to a
mutation in the gene encoding HP1 (CRYDERMAN et al. 1998).
In the experiments the four transgenic reporter lines were crossed into different JIL-1
mutant backgrounds that combined hypomorphic and null JIL-1 alleles (JIL-1
z60
 and JIL-1
z2
)
in order to generate progeny expressing decreased amounts of wild-type JIL-1 protein.  The
JIL-1
z60
 allele is a strong hypomorph producing only 0.3% of wild-type JIL-1 protein levels,
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whereas the JIL-1
z2
 allele is a true null and homozygous animals do not survive to adulthood
(WANG et al. 2001; ZHANG et al. 2003).   The JIL-1
z2
/JIL-1
z60
 heteroallelic combination is
semi-lethal and only a limited number of eclosed animals from large scale crosses could be
analyzed.  In addition, we compared the effect of the loss-of-function JIL-1 alleles to that of
the dominant gain-of-function JIL-1
Su(var)3-1[3]
 allele that is one of the strongest suppressors of
PEV so far described (EBERT et al. 2004). The JIL-1
Su(var)3-1[3] 
allele generates truncated
proteins with COOH-terminal deletions that mislocalize to ectopic chromosome sites
(EBERT et al. 2004; ZHANG et al. 2006).  Flies from each of the four transgenic lines with
the different JIL-1 genotypes were scored for the percentage of the eye that had red
ommatidia and compared to flies containing wild-type levels of JIL-1 protein (Figures 1 and
2 and Table 2). Although both male and female flies were scored, due to sex differences only
results from female flies are shown.  However, the trend observed in male flies was identical
to that in female flies.  As illustrated in Figure 1 hypomorphic allelic combinations of the
JIL-1 alleles JIL-1
z60
 and JIL-1
z2
 lead to a strong enhancement of PEV as indicated by the
nearly completely white eye phenotype, whereas in contrast, the homozygous gain-of-
function JIL-1
Su(var)3-1[3]
 allele leads to strong suppression of PEV as indicated by the nearly
completely red eye phenotype.  The effect of the JIL-1 alleles on the distribution of the
proportion of red ommatidia in the four centromeric P-element insertion lines is shown in
Figure 2 and Table 2.  As indicated in Figure 2 the strongly hypomorphic allelic combination
of JIL-1
z2
/JIL-1
z60 
leads to a greater enhancement of PEV than the less severe JIL-1
z60
/JIL-
1
z60 
allelic combination.  In addition, we compared the mean proportion of the eyes that had
red ommatidia between JIL-1
z2
/JIL-1
z60
, +/+, and JIL-1
Su(var)3-1[3]
/JIL-1
Su(var)3-1[3]
 flies,
respectively, for each of the four transgenic lines using a Student's t-test.  In each case the
mean proportions were significantly different (P<0.01).  Thus, these results show that while
loss-of-function JIL-1 alleles act as enhancers of PEV at pericentric sites the gain-of-function
JIL-1
Su(var)3-1[3]
 allele acts as a suppressor of PEV strongly supporting the model for JIL-1's
function in counteracting heterochromatic spreading and gene silencing.
Interestingly, it has previously been demonstrated that both JIL-1 hypomorphic loss-
of-function mutations and gain-of-function JIL-1
Su(var)3-1
 alleles act as strong suppressors of
PEV of the  w
m4
 allele (EBERT et al. 2004; LERACH et al. 2006).  The In(1)w
m4
 X
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chromosome contains an inversion that juxtaposes the euchromatic white gene and
heterochromatic sequences adjacent to the centromere (MULLER 1930; SCHULTZ 1936).
Studies of PEV of this allele suggest that the degree of silencing may depend on the amount
of heterochromatic factors at the breakpoint (reviewed in WEILER and WAKIMOTO 1995;
GIRTON and JOHANSEN 2007). In this model a reduction in the amount of these factors in
centromeric regions would limit heterochromatic spreading over long distances but would be
predicted to not affect short range silencing.  Thus, the finding that both JIL-1 hypomorphic
loss-of-function mutations and gain-of-function JIL-1
Su(var)3-1
 alleles act as suppressors of
PEV of the  w
m4
 allele whereas they have opposite effects on PEV of transgenes inserted
directly into centromeric heterochromatin supports this model.  In the case of w
m4
 the
redistribution of the major heterochromatin markers H3K9me2 and HP1 to ectopic locations
on the chromosome arms and the resulting decrease in the concentration of these factors at
centromeric regions occuring in JIL-1 loss-of-function mutants (ZHANG et al. 2006)
diminishes the ability of pericentric heterochromatin to spread long distances leading to a
reduction of w
m4
 silencing (LERACH et al. 2006).  In contrast, the results of this study
indicate that in the absence of JIL-1 histone H3S10 kinase activity transcription of
euchromatic transgenes in direct proximity to pericentric heterochromatin is almost
completely suppressed.
We thank members of the laboratory for discussions and critical reading of the
manuscript.  We also wish to acknowledge Ms. V. Lephart for maintenance of fly stocks and
Mr. Laurence Woodruff for technical assistance.  We especially thank Drs. L. Wallrath and
D. Cryderman for providing the P element insertion lines and for helpful advice. This work
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FIGURE LEGENDS
FIGURE 1.  The effect of JIL-1 loss-of-function alleles and the gain-of-function JIL-
1
Su(var)3-1[3]
 allele on PEV of the P element lines 118E-10, 118E-25, 118E-32, and 39C-3
which were inserted into pericentric heterochromatin.  (Upper panel)  PEV in the eyes of
control flies with a wild-type JIL-1 allele (+/+).  (Middle panel)  A hypomorphic allelic
combination of the JIL-1 alleles JIL-1
z60
 (z60) and JIL-1
z2
 (z2) leads to a strong enhancement
of PEV as indicated by the nearly completely white eye phenotype.  (Lower panel)  In
contrast, the homozygous gain-of-function JIL-1
Su(var)3-1[3]
 allele (3-1/3-1) leads to strong
suppression of PEV as indicated by the nearly completely red eye phenotype.  All images are
from female flies.
Drosophila melanogaster fly stocks were maintained according to standard protocols
(ROBERTS 1998).  Canton S was used for wild-type preparations.  The JIL-1
z2
 and JIL-1
z60
alleles are described in WANG et al. (2001) and in ZHANG et al. (2003).  The JIL-1
Su(var)3-
1[3]
/TM3 Sb Ser stock was obtained from the Bloomington Stock Center.  Balancer
chromosomes and markers are described in LINDSLEY and ZIMM (1992).  Strains
containing X chromosomes with the w
1118
 allele and a loss-of-function JIL-1 allele (either
JIL-1
z2
 or JIL-1
z60
) or the gain-of-function JIL-1
Su(var)3-1[3]
 allele heterozygous with the TM6
Sb Tb e third chromosome balancer were produced by standard crossing.  Subsequent crosses
between these strains generated flies with different JIL-1 allelic combinations in a
background homozygous for P[hsp26-pt, hsp70-w] insertions that was introduced from the
P-element lines 118E-10, 118E-25, 118E-32, or 39C-3 (WALLRATH and ELGIN 1995;
WALLRATH et al. 1996; CRYDERMAN et al. 1998) by standard crosses.  As a control,
PEV of each of these transgenes was analyzed in flies homozygous for a Canton S wild type
third chromosome.  The hsp70 promoter is leaky and promotes sufficient expression to
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generate a variegated eye phenotype under non-heat shock conditions (WALLRATH and
ELGIN 1995).    To quantify the variegated phenotype newly eclosed adults were collected,
aged for 4 – 5 days at 25˚C and were then sorted into different classes based on the
percentage of the eye that was red.  Eyes from representative individuals from these crosses
were photographed using an Olympus Stereo Microscope and a Spot digital camera
(Diagnostic Instruments).
FIGURE 2.   JIL-1 loss-of-function alleles and the gain-of-function JIL-1
Su(var)3-1[3]
allele affect the distribution of the percentage of red ommatidia in female flies homozygous
for the P element lines 118E-10, 118E-25, 118E-32, and 39C-3 which were inserted into
pericentric heterochromatin.  In the histograms the eyes from wild-type JIL-1 flies (wt),
homozygous JIL-1
z60
 flies (z60/z60), JIL-1
z2
/JIL-1
z60
 flies (z2/z60), and JIL-1
Su(var)3-1[3]
/JIL-
1
Su(var)3-1[3]
 flies (3-1/3-1) were sorted into different classes based on the percentage of the
eye that was red.  The data suggest that for each P element insertion line that PEV is
enhanced by JIL-1 loss-of-function alleles as  indicated by the increased proportion of white
ommatidia whereas PEV is suppressed by the gain-of-function JIL-1
Su(var)3-1[3]
 allele as
indicated by the increased proportion of red ommatidia.
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TABLE 1.
Centromeric heterochromatin P element insertion lines
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TABLE 2.
The effect of JIL-1 alleles on PEV of centromeric P element insertion lines
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          Fig. 2
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CHAPTER 6. JIL-1 AND SU(VAR)3-9 REGULATE VIABILITY
AND CHROMATIN STRUCTURE IN A GENETIC PATHWAY
INDEPENDENT OF HP1 IN DROSOPHILA
A paper published in Genetics
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1
, Xiaomin Bao
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, Weiguo Zhang, Jack Girton,
Jørgen Johansen and Kristen M. Johansen
ABSTRACT
It has recently been demonstrated that activity of the essential JIL-1 histone H3S10
kinase is a major regulator of chromatin structure and that it functions to maintain
euchromatic domains while counteracting heterochromatization and gene silencing.  In the
absence of JIL-1 kinase activity the major heterochromatin markers histone H3K9me2 and
HP1 spread in tandem to ectopic locations on the chromosome arms.   In this study we show
that the lethality as well as some of the chromosome morphology defects associated with the
null JIL-1 phenotype to a large degree can be rescued by reducing the dose of the Su(var)3-9
gene.  This effect was observed with three different alleles of Su(var)3-9 strongly suggesting
it is specific to Su(var)3-9 and not to second site modifiers.  This is in contrast to similar
experiments performed with alleles of the Su(var)2-5 gene that codes for HP1 in Drosophila
where no genetic interactions were detectable between JIL-1 and Su(var)2-5.  Taken together
these findings indicate that JIL-1 and Su(var)3-9 are likely to interact in a novel genetic
pathway largely independent of Su(var)2-5 and that the lethality of JIL-1 null mutants may
be due to the repression of essential genes as a result of ectopic Su(var)3-9 activity unrelated
to HP1 recruitment.
                                                 
1 These two authors contribute equally to this paper.
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INTRODUCTION
In Drosophila initiation of heterochromatin formation and repression of transcription
has been linked to the RNAi machinery (PAL-BHADRA et al. 2004) and involves covalent
modifications of histone tails and/or the exchange of histone variants (SWAMINATHAN et
al. 2005).  In addition, heterochromatin formation requires several nonhistone chromatin
proteins (SCHOTTA et al. 2002; GREIL et al. 2003; DELATTRE et al. 2004).  Two of
these, Su(var)2-5 (HP1) and Su(var)3-9 (a histone methyltransferase), are predominantly
found at pericentric heterochromatin (JAMES et al. 1989; SCHOTTA et al. 2002) and are
important components for silencing of reporter genes by heterochromatic spreading (for
review see WEILER and WAKIMOTO 1995; GIRTON and JOHANSEN 2007).  Su(var)3-9
has been shown to catalyze most of the dimethylation of the histone H3K9 residue which in
turn can promote HP1 binding (SCHOTTA et al. 2002).  In addition, Su(var)3-9 and HP1 can
directly interact suggesting a model where interdependent interactions between Su(var)3-9,
HP1, and histone H3K9 dimethylation lead to heterochromatin assembly and gene silencing
(LACHNER et al. 2001; SCHOTTA et al. 2002; ELGIN and GREWAL 2003).  However,
this model does not address the mechanism for how heterochromatin formation is restricted
to certain parts of the genome and for how heterochromatic spreading is regulated (GREIL et
al. 2003).
It has recently been demonstrated that activity of the JIL-1 histone H3S10 kinase (JIN
et al. 1999; WANG et al. 2001) is a major regulator of chromatin structure (DENG et al.
2005) and that it functions to maintain euchromatic domains while counteracting
heterochromatization and gene silencing (EBERT et al. 2004; ZHANG et al. 2006; LERACH
et al. 2006; BAO et al. 2007). In the absence of JIL-1 kinase activity the major
heterochromatin markers H3K9me2 and HP1 spread in tandem to ectopic locations on the
chromosome arms with the most pronounced increase on the X chromosomes (ZHANG et al.
2006). However, overall levels of the H3K9me2 mark and HP1 were unchanged suggesting
that the spreading was accompanied by a redistribution that reduces the levels in
pericentromeric heterochromatin.  Genetic interaction assays demonstrated that JIL-1
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functions in vivo in a pathway with Su(var)3-9 and that JIL-1 activity and localization are not
affected by the absence of Su(var)3-9 activity indicating that JIL-1 is upstream to Su(var)3-9
in this pathway (ZHANG et al. 2006).  Furthermore, the results of ZHANG et al. (2006)
suggested the possibility that the lethality of JIL-1 null mutants may be due to repression of
essential genes at these ectopic sites as a consequence of the spreading of Su(var)3-9 activity
and HP1 recruitment. In this study we have tested this hypothesis and examined the relative
contributions of Su(var)3-9 and HP1.  We show that while Su(var)3-9 histone
methyltransferase activity is a major factor in the lethality and chromatin structure
perturbations associated with loss of the JIL-1 histone H3S10 kinase these effects are
uncoupled from HP1.  Consequently, JIL-1 and Su(var)3-9 are likely to interact in a novel
genetic pathway largely independent of Su(var)2-5.
MATERIALS AND METHODS
Drosophila melanogaster stocks
Fly stocks were maintained according to standard protocols (ROBERTS 1998).
Canton-S was used for wild-type preparations.  The JIL-1
z2
 allele is described in WANG et
al. (2001) and in ZHANG et al. (2003). The Su(var)3-9
06
, Su(var)2-5
04
, and Su(var)2-5
05
alleles were the generous gifts of Dr. L. Wallrath. The Su(var)3-9
1
 and Su(var)3-9
2
 stocks
were obtained from the Umeå Stock Center.  Recombinant JIL-1
z2
 Su(var)3-9
1
, JIL-1
z2
Su(var)3-9
2
, and JIL-1
z2
 Su(var)3-9
06
 chromosomes were identified by generating
recombinants as described in JI et al. (2005) except that the dominant Su(var)3-9 phenotype
was selected for in a w
m4
 background and the presence of JIL-1
z2
 was confirmed by PCR as
in ZHANG et al. (2003).  Balancer chromosomes and markers are described in LINDSLEY
and ZIMM (1992).
Immunohistochemistry
Polytene chromosome squash preparations were performed as in KELLEY et al.
(1999) using the 5 minute fixation protocol and labeled with antibody as described in JIN et
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al. (1999).  Primary antibodies used include:  affinity purified Hope rabbit antiserum raised
against JIL-1 residues 886-1013 (JIN et al. 1999); H3K9me2 rabbit antiserum (Upstate
Biotechnology); and anti-HP1 mAb C1A9 (Developmental Studies Hybridoma Bank,
University of Iowa).  DNA was visualized by staining with Hoechst 33258 or with propidium
iodide (Molecular Probes) in PBS.  The appropriate species- and isotype- specific Texas Red-
, TRITC-, and FITC-conjugated secondary antibodies (Cappel/ICN, Southern Biotech) were
used (1:200 dilution) to visualize primary antibody labeling.  The final preparations were
mounted in 90% glycerol containing 0.5% n-propyl gallate. The preparations were examined
using epifluorescence optics on a Zeiss Axioskop microscope and images were captured and
digitized using a high resolution Spot CCD camera.  Images were imported into Photoshop
where they were pseudocolored, image processed, and merged.  In some images non-linear
adjustments were made for optimal visualization of Hoechst labeling of chromosomes.
RESULTS
Viability and chromosome morphology in JIL-1 and Su(var)3-9 double
mutants
In a previous study ZHANG et al. (2006) used genetic assays to explore interactions
between mutant alleles of Su(var)3-9 and JIL-1 by generating double mutant individuals.
Since Su(var)3-9 and JIL-1 both are located on the third chromosome a Su(var)3-9
1
, JIL-1
z60
chromosome was generated by recombination. However, in these experiments only the
+/Su(var)3-9
1
 allelic combination was examined (ZHANG et al. 2006) and the JIL-1
z60
 allele,
although a strong hypomorph, still has low levels of histone H3S10 kinase activity (ZHANG
et al. 2003). We have therefore extended these studies by recombining the true null JIL-1
z2
allele (WANG et al. 2001; ZHANG et al. 2003) with three different loss-of-function
Su(var)3-9 alleles. The Su(var)3-9
1
 allele consists of a frameshift at the N-terminus of the
protein upstream of the chromo- and SET domains while the Su(var)3-9
2
 allele has two
missense mutations, and both alleles result in a null phenotype  (REUTER et al. 1986;
TSCHIERSCH et al. 1994; EBERT et al. 2004).  The null Su(var)3-9
06
 allele is due to a
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DNA insertion and immunoblot analysis has shown that histone H3K9 dimethylation is
greatly reduced in homozygous animals (SCHOTTA et al. 2002).  Homozygous null
Su(var)3-9 mutants are viable and fertile (TSCHIERSCH et al. 1994).
To determine whether reduction of Su(var)3-9 levels will rescue the lethality
normally associated with a null JIL-1
z2
/JIL-1
z2
 mutant background, we crossed JIL-1
z2
Su(var)3-9*/TM6 Sb Tb males (where Su(var)3-9* denotes either the Su(var)3-9
1
, Su(var)3-
9
2
, or Su(var)3-9
06 
allele) with JIL-1
z2
/TM6 Sb Tb virgin females generating JIL-1
z2
 Su(var)3-
9*/JIL-1
z2 
progeny identified as non-Sb (Table 1). In control experiments in which Su(var)3-
9 activity was not altered, we crossed JIL-1
z2
/TM6 Sb Tb males with JIL-1
z2
/TM6 Sb Tb
virgin females generating JIL-1
z2
/JIL-1
z2 
progeny.  In the control crosses we observed no flies
of the JIL-1
z2
/JIL-1
z2
 genotype out of a total of 685 eclosed flies indicating complete lethality
(Table 1).  However, in crosses that generate the double mutant combination (JIL-1
z2
/JIL-1
z2
Su(var)3-9*) with one copy of either of the Su(var)3-9 mutant alleles the number of
surviving flies with the JIL-1
z2
/JIL-1
z2
 genotype increased dramatically.   In these crosses 1/3
of the eclosed flies would be expected to be of the JIL-1
z2
/JIL-1
z2
 Su(var)3-9* genotype
assuming full rescue indicating that the reduction of Su(var)3-9 activity in these animals
resulted in a 50.7-87.4% viability rate compared to a rate of 0% for JIL-1
z2
/JIL-1
z2 
flies
without the reduction in Su(var)3-9 activity (Table 1).  We also performed crosses to
generate JIL-1
z2
 Su(var)3-9
1
/JIL-1
z2
 Su(var)3-9
2
 progeny.  As indicated in Table 1 the further
reduction in the dose of Su(var)3-9 did not lead to an additional increase in viability of
homozygous JIL-1 null flies.  Taken together these results suggest that the lethality in null
JIL-1 mutant backgrounds to a substantial degree is mediated by Su(var)3-9 activity.
Furthermore, since this effect was observed with three different alleles of Su(var)3-9 it is
likely to be specific to Su(var)3-9 and not to second site modifiers.
We further investigated whether a reduction in the dose of Su(var)3-9 would also
affect the severely perturbed polytene chromosome morphology observed in null JIL-1
z2
homozygous larvae (WANG et al. 2001; DENG et al. 2005).  For this analysis we prepared
squashes of polytene chromosomes labeled with Hoechst or with propidium iodide from JIL-
1
z2
 homozygous null and wild-type third instar larvae and compared them with squashes
from double mutant homozygous JIL-1
z2
 larvae with various combinations of the Su(var)3-9
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alleles described above.  As illustrated in Figure 1A loss of JIL-1 histone H3S10  kinase
activity leads to misalignment of the interband chromatin fibrils which is further associated
with coiling of the chromosomes and an increase of ectopic contacts between non-
homologous regions.  This results in a shortening and folding of the chromosomes with a
non-orderly intermixing of euchromatin and the compacted chromatin characteristic of
banded regions (DENG et al. 2005).  The extreme of this phenotype is exhibited by the male
X polytene chromosome where no remnants of coherent banded regions can be observed
(Figure 1A).  However, in homozygous JIL-1
z2
 double mutant combinations with a reduced
dosage of Su(var)3-9 there was a marked improvement of polytene chromosome morphology
of both male and female autosomes (Figures 1B and C).  The chromosome arms were to a
large extent unfolded with reduced ectopic contacts and a clearly discernible banding pattern
that in some cases attained near wild-type morphology.  In contrast, the morphology of the
male X chromosome was largely unaffected by the reduction in Su(var)3-9. It has previously
been shown that both morphology and JIL-1 localization in Su(var)3-9 null polytene
chromosomes are indistinguishable from that observed in wild-type chromosomes (ZHANG
et al. 2006). Furthermore, HP1 binding is severely reduced at the chromocenter and does not
spread to the chromosome arms in either a homozygous null Su(var)3-9 background
(SCHOTTA et al. 2002) or in a homozygous null Su(var)3-9, JIL-1 background (Figure 2).
Taken together these data indicate that the lethality as well as some of the chromosome
morphology defects observed in JIL-1 null mutant backgrounds may be mediated by ectopic
Su(var)3-9 activity.
Genetic interactions between JIL-1 and Su(var)2-5 (HP1)
The second component of the ectopic heterochromatic spreading observed in loss-of-
function JIL-1 mutant animals is the dimethylated histone H3K9-binding protein HP1
(ZHANG et al. 2006) which is intrinsic to pericentric heterochromatin formation (reviewed
in ELGIN and GREWAL 2003).  In contrast to homozygous null Su(var)3-9 animals which
are viable, transheterozygous null Su(var)2-5 animals die as third instar larvae
(EISSENBERG et al. 1992; EISSENBERG and HARTNETT 1993). Furthermore, tethering
of HP1 to euchromatic sites has shown that HP1 is sufficient to nucleate the formation of
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silent chromatin and that it can cause the formation of ectopic chromatin associations
(SEUM et al. 2001; LI et al. 2003; DANZER and WALLRATH 2004) similar to those
observed in JIL-1 mutants. These findings suggest that the lethality as well as the
disorganization of chromosomes in JIL-1 null mutant backgrounds may be effected by
ectopic HP1 binding and that the partial rescue of animals with reduced Su(var)3-9 activity is
a consequence of impaired HP1 recruitment resulting from the reduction in histone H3K9
dimethylation.  In order to explore this possibility we performed genetic interaction assays
between JIL-1 and Su(var)2-5.
We first tested whether JIL-1 localization was affected in a functionally null mutant
Su(var)2-5 background by generating Su(var)2-5
04
/Su(var)2-5
05
 heteroallelic third instar
larvae (EISSENBERG et al. 1992).  The Su(var)2-5
04
 allele is due to a nonsense mutation
leading to a truncated HP1 protein that degrades whereas the Su(var)2-5
05
 allele is associated
with a frameshift resulting in a nonsense peptide containing only the first 10 amino acids of
HP1 (EISSENBERG et al. 1992).  Figure 3 shows polytene squashes from wild-type and
Su(var)2-5
04
/Su(var)2-5
05
 heteroallelic larvae double labeled with Hoechst and JIL-1
antibody. Polytene chromosomes from loss-of-function HP1 mutant larvae partly lose the
distinct pattern of band-interband regions of wild-type chromosomes, a phenotype that is
especially pronounced for the male X chromosome (SPIERER et al. 2005) (Figure 3).
However, JIL-1 localizes to both male and female chromosomes and is upregulated on the
male X chromosome as in wild-type preparations (Figure 3) suggesting that JIL-1
distribution is not altered by loss of HP1 function.
We further examined whether a reduction in HP1 levels could improve chromosome
morphology of JIL-1 null animals and in reciprocal experiments whether a reduction in JIL-1
levels could improve chromosome morphology of HP1 null animals.  Since the HP1 gene is
located on the second chromosome while JIL-1 is on the third chromosome such double
mutant animals were generated by standard genetic crosses.  Polytene squashes from third
instar larval salivary glands from these double mutant combinations were double labeled with
Hoechst and an antibody to histone H3K9me2 and compared to wild-type preparations
(Figure 4).  In HP1 null animals histone H3K9 dimethylation is dramatically upregulated on
all the chromosome arms (SCHOTTA et al. 2002) (Figure 4B) whereas in JIL-1 null mutants
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the upregulation is most pronounced on the X chromosome (ZHANG et al. 2006) (Figure
4C).  As illustrated in Figure 4D a reduction in the dose of JIL-1 affected neither
chromosome morphology nor the spreading of H3K9 dimethylation in JIL-1
z2
/+ ; Su(var)2-
5
04
/Su(var)2-5
05
 mutant larvae.  Likewise, chromosome morphology and H3K9me2
distribution in  Su(var)2-5
04
/+ ; JIL-1
z2
/JIL-1
z2 
(Figure 4F) and Su(var)2-5
05
/+ ; JIL-1
z2
/JIL-
1
z2 
(Figure 4E) double mutant larvae were indistinguishable from those of homozygous JIL-
1
z2 
mutant larvae.  In the double mutant null JIL-1 and Su(var)2-5 combination the
chromosome morphology resembled that of JIL-1 null polytene chromosomes whereas the
H3K9me2 distribution resembled that of Su(var)2-5 null chromosomes (Figure 4G).  The
similarity of the spreading of the H3K9me2 marker in HP1 loss-of-function mutants in both
wild-type JIL-1 and in J I L - 1 null mutant backgrounds indicates that this ectopic
redistribution is independent of JIL-1 kinase activity.  Furthermore, in viability assays there
was neither rescue of JIL-1
z2
 homozygous lethality by reducing the dose of wild-type HP1 by
either the  Su(var)2-5
04
 or the Su(var)2-5
05
 allele nor rescue of Su(var)2-5 mutant lethality by
reducing the dose of wild-type JIL-1 (Table 2).  Taken together these results suggest that
there are no genetic interactions detectable in these assays between JIL-1 and Su(var)2-5 and
that HP1 in contrast to Su(var)3-9 does not contribute to the lethality or disruption of
chromosome morphology observed in JIL-1 loss-of-function mutants.
DISCUSSION
Interdependent interactions between the HP1 and Su(var)3-9 proteins as well as
histone H3K9 dimethylation are thought to be major factors in heterochromatin formation
and gene  silencing in Drosophila (LACHNER et al. 2001; SCHOTTA et al. 2002; ELGIN
and GREWAL 2003).  Recently, it has been demonstrated that the essential JIL-1 histone
H3S10 kinase antagonizes heterochromatization and functions to maintain the chromatin
structure of euchromatic regions (WANG et al. 2001; EBERT et al. 2004; ZHANG et al.
2006).  In the absence of JIL-1 kinase activity the heterochromatin markers H3K9me2 and
HP1 spread in tandem to ectopic locations on the chromosomes (ZHANG et al. 2006).
Furthermore, loss of JIL-1 histone H3S10  kinase activity results in an increase of ectopic
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contacts between non-homologous regions leading to a shortening and folding of the
chromosomes with a non-orderly intermixing of euchromatic and compacted chromatin
regions (DENG et al. 2005).  In this study we show that the lethality as well as some of the
chromosome morphology defects associated with the null JIL-1 phenotype to a large degree
can be rescued by reducing the dose of the Su(var)3-9 gene.  This effect was observed with
three different alleles of Su(var)3-9 strongly suggesting it is likely to be specific to Su(var)3-
9 and not to second site modifiers.  This is in contrast to similar experiments performed with
alleles of the Su(var)2-5 gene that codes for HP1 in Drosophila. In these assays no genetic
interactions were detectable between JIL-1 and Su(var)2-5 suggesting that the lethality and
disruption of chromosome morphology observed when JIL-1 levels are decreased are not due
to increased HP1 on the chromosomal arms but rather are associated with ectopic Su(var)3-9
activity.  How Su(var)3-9 may mediate these effects is unknown and will require additional
studies.
While Su(var)3-9 and HP1 reciprocal interactions are well documented at pericentric
regions they are not universal (SCHOTTA et al. 2002; GREIL et al., 2003; DANZER and
WALLRATH 2004).  For example, HP1 binding on the 4th chromosome has been shown to
be independent of Su(var)3-9 (SCHOTTA et al. 2002).  Furthermore, a large scale survey of
Su(var)3-9 and HP1 binding demonstrated that Su(var)3-9 is exclusively enriched at the
majority of non-pericentric regions mapped on the chromosome arms (GREIL et al., 2003).
Strikingly, while both Su(var)3-9 and HP1 preferentially associate with genes of low
expression levels, this preference is more prominent for Su(var)3-9 than for HP1 suggesting
that where Su(var)3-9 is actively involved in silencing of its target genes these Su(var)3-9
complexes may be more potent silencers if they lack HP1 (GREIL et al., 2003).  Conversely,
DANZER and WALLRATH (2004) using a tethering system to recruit HP1 to euchromatic
sites have shown that HP1-mediated silencing can operate in a Su(var)3-9-independent
manner.  These findings indicate that although Su(var)3-9 and HP1 cooperate in
heterochromatin formation and gene silencing at pericentric chromosome sites they may
function independently at other regions such as the chromosome arms. This is underscored
by the finding that whereas Su(var)3-9 is necessary for HP1 recruitment to pericentric
chromatin, Su(var)3-9 spreads and is dramatically upregulated on the chromosome arms in
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the absence of HP1 (SCHOTTA et al. 2002).  Interestingly, the spreading in HP1 loss-of-
function mutants is independent of JIL-1 kinase activity indicating that at least two different
molecular mechanisms regulate Su(var)3-9 localization, one dependent on HP1 and one
dependent on the JIL-1 kinase.
The results of this study suggest that JIL-1 and Su(var)3-9 are likely to interact in a
novel genetic pathway largely independent of Su(var)2-5 and that the lethality of JIL-1 null
mutants may be due to the repression of essential genes as a result of ectopic Su(var)3-9
activity unrelated to HP1 recruitment. At interphase JIL-1 phosphorylates the histone H3S10
residue in euchromatic regions of polytene chromosomes (JIN et al. 1999; WANG et al.
2001) suggesting as a plausible model that this phosphorylation during interphase prevents
recruitment of Su(var)3-9 to these sites. At present we do not know whether the observed
spreading of Su(var)3-9 in JIL-1 hypomorphic backgrounds occurred preferentially to
specific euchromatic sites (ZHANG et al. 2006).  In JIL-1 null animals the morphology of
polytene chromosomes is greatly perturbed and there is an intermixing of not only
euchromatin and the compacted chromatin characteristic of banded regions but also a looping
of non-homologous chromatid regions which become fused and confluent (DENG et al.
2005). However, in support for this model for JIL-1's function in counteracting
heterochromatic spreading and gene silencing it was recently demonstrated that loss-of-
function JIL-1 alleles act as enhancers of position-effect-variegation (PEV) at centric sites
whereas the gain-of-function JIL-1
Su(var)3-1
 allele acts as a suppressor of PEV (BAO et al.
2007).  The JIL-1
Su(var)3-1
 allele is one of the strongest suppressors of PEV so far described
(EBERT et al. 2004) and it generates truncated proteins with COOH-terminal deletions that
mislocalize to ectopic chromosome sites (EBERT et al. 2004; ZHANG et al. 2006).  Thus,
the dominant gain-of-function effect of the JIL-1
Su(var)3-1
 alleles may be attributable to JIL-1
kinase activity at ectopic locations leading to misregulated localization of the phosphorylated
histone H3S10 mark counteracting the spreading of Su(var)3-9.  In future experiments it will
be of interest to determine the molecular mechanisms for how Su(var)3-9 activity can effect
the lethality and changes in chromatin structure observed in the absence of JIL-1.
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FIGURE LEGENDS
FIGURE 1.  Morphology of polytene chromosomes in JIL-1 and Su(var)3-9 double
mutant backgrounds.  Polytene chromosome preparations from third instar larvae were
labeled with Hoechst or with propidium iodide to visualize the chromatin.  (A)   Polytene
chromosome preparations from wild-type (wt) male and female larvae and from male and
female homozygous JIL-1
z2
 larvae (z2/z2).  Note the misalignment and intermixing of
interband and banded regions and the extensive coiling and folding of the chromosome arms
in JIL-1
z2
/JIL-1
z2
 mutant chromosomes.  The male X chromosome (X) is particularly affected
and no remnants of banded regions are discernable.  (B)  Polytene chromosomes from male
and female JIL-1
z2
 Su(var)3-9
1
/JIL-1
z2
 (z2/z2, 3-9
1
), JIL-1
z2
 Su(var)3-9
2
/JIL-1
z2
 (z2/z2, 3-9
2
),
and JIL-1
z2
 Su(var)3-9
1
/JIL-1
z2 
Su(var)3-9
2 
(z2, 3-9
1
/z2, 3-9
2
) larvae.  (C)  Polytene
chromosomes from male and female JIL-1
z2
 Su(var)3-9
06
/JIL-1
z2
 (z2/z2, 3-9
06
) and JIL-1
z2
Su(var)3-9
06
/JIL-1
z2 
Su(var)3-9
06 
(z2, 3-9
06
/z2, 3-9
06
) larvae. Note the marked improvement
of polytene chromosome morphology of both male and female autosomes in (B) and (C).
The chromosome arms were to a large extent unfolded with reduced ectopic contacts and a
clearly discernible banding pattern that in some cases attained near wild-type morphology.
In contrast, there was no discernible improvement in the morphology of the male X
chromosome.
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FIGURE 2.   Localization of HP1 and histone H3K9me2 in polytene chromosomes
from JIL-1 and Su(var)3-9 mutant third instar larvae.  The polytene squashes were triple
labeled with antibodies to HP1 (in red) and H3K9me2 (in green) and with Hoechst (DNA, in
blue).  The X chromosome is indicated by an X and the chromocenter by an arrow.
Preparations from wild-type (wt, upper panel), JIL-1
z2
 homozygous (z2/z2, middle panel),
and JIL-1
z2
 and Su(var)3-9
06
 double homozygous (z2, 3-9
06
/z2, 3-9
06
, lower panel) larvae are
shown.  In wild-type preparations HP1 and H3K9me2 labeling was mainly localized to and
abundant at the chromocenter; however, in the absence of the JIL-1 kinase the HP1 and
H3K9me2 labeling spread to the autosomes and particularly to the X chromosome (see also
ZHANG et al. 2006).   In z2, 3-9
06
/z2, 3-9
06 
double mutant larvae the HP1 and H3K9me2
labeling were greatly reduced and confined to the chromocenter.
FIGURE 3.  JIL-1 localization in HP1 mutant larvae.  Polytene chromosome
preparations from male and female wild-type (wt) and Su(var)2-5
04
/Su(var)2-5
05 
(2-5
04
/2-5
05
)
third instar larvae were double labeled with JIL-1 antibody and Hoechst to visualize the
chromatin. The male X chromosome is indicated with an X.  Although polytene
chromosomes from loss-of-function HP1 mutant larvae partly lose the distinct pattern of
band-interband regions of wild-type chromosomes, a phenotype that is especially pronounced
for the male X chromosome, JIL-1 localizes to both male and female chromosomes and is
upregulated on the male X chromosome as in wild-type preparations.
FIGURE 4.  Polytene chromosome morphology and distribution of the H3K9me2
marker in JIL-1 and Su(var)2-5 mutants. Polytene chromosome preparations from third instar
larvae were double labeled with histone H3K9me2 antibody (in green) and Hoechst (DNA in
blue) to visualize the chromatin. The male X chromosome is indicated with an X.
Preparations from wild-type (wt, A), Su(var)2-5
04
/Su(var)2-5
05 
(2-5
04
/2-5
05
, B), JIL-1
z2
/JIL-
1
z2
 (z2/z2, C), Su(var)2-5
04
/Su(var)2-5
05
; JIL-1
z2
/+
 
(2-5
04
/2-5
05
; z2/+, D),  Su(var)2-5
05
/+;
JIL-1
z2
/JIL-1
z2 
(2-5
05
/+; z2/z2, E), Su(var)2-5
04
/+; JIL-1
z2
/JIL-1
z2 
(2-5
04
/+; z2/z2, F), and
Su(var)2-5
04
/Su(var)2-5
05
; JIL-1
z2
/JIL-1
z2 
(2-5
04
/2-5
05
; z2/z2, G) larvae are shown.
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CHAPTER 7. THE C-TERMINUS DOMAIN TARGETS JIL-1
TO CHROMOSOME AND IS REQUIRED IN MAINTAINING
PROPER CHROMOSOME MORPHOLOGY IN DROSOPHILA
A paper to be submitted to the Journal of Cell Biology
Xiaomin Bao, Weiguo Zhang, Robert Krenik, Jack Girton, Jørgen Johansen and
Kristen M. Johansen
ABSTRACT
The interphase H3S10 kinase JIL-1 in Drosophila is implicated in proper
chromosome morphology establishment and gene expression regulation. Structurally, JIL-1
is composed of four domains including N-terminal domain (NTD), kinase domain I (KD I),
kinase domain II (KD II) and C-terminal domain (CTD). However, it is unknown whether the
non-kinase domains of JIL-1 also contribute to its chromatin association and its role in
regulating chromatin morphology. With the studies from the transgenes CFP-CTD and GFP-
-CTD, we provide evidence that the CTD is essential for proper chromosomal localization
of JIL-1, and the association between CTD and chromatin is probably mediated by a novel
H3 binding domain within CTD. Furthermore, we found that both CTD and other domains
are required to establish proper chromosome structure. Thus we propose a model that the
CTD of JIL-1 directs the JIL-1 kinase to proper localization on the chromosome, and
participates in regulating proper chromosome morphology independent of JIL-1’s kinase
function.
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INTRODUCTION
The interphase chromatin in eukaryotic cells is organized at different levels to regulate
gene expression, by limiting the accessibility to transcription factors and RNA polymerase.
However, this organization of chromatin is rather dynamic for timely adjustment to the need
of development and differentiation. Two major complexes have been identified so far to
modulate chromatin folding: the chromatin remodeling complex, which can actively slide
nucleosomes by harvesting the energy from ATP (Narlikar et al., 2002), and the chromatin
modifying complex, which affecting chromatin structure by disrupting histone-DNA contacts
or recruiting new effectors (Kouzarides 2007).
The chromatin modifying complexes modifies histones post-translationally with more
than eight different modifications including methylation, acetylation, phosphorylation,
ubquitination and ADP-ribosylation (Kouzarides 2007). One of the most important
modifications is H3S10ph, which is implicated in chromatin structure regulation during both
mitosis and interphase (Johansen and Johansen, 2006). During mitosis, H3S10ph is
correlated to the recruitment of chromatin condensation factors and the consequent mitotic
chromosome assembly in a number of different model systems (Hendzel et al., 1997, van
Hooser et al., 1998). While in interphase, the ectopic H3S10ph resulting from directed
targeting of JIL-1 kinase, causes significant structure remodeling on polytene chromosome,
by changing a condensed heterochromatin-like structure into a more open euchromatic state
(Deng et al, 2008).
In mammals, H3S10 phosphorylation was linked to the activation of immediate-early
(IE) genes (Clayton et al., 2003). Several interphase kinases have been described to
phosphorylate histone H3S10 including MSK (Mitogen- and Stress activated Kinase), RSK
(Ribosomal S6 Kinase) and PIM-1. Mutations in RSK is controversially associated with
Coffin-Lowry Syndrome which is defective of EGF-induced H3S10ph (Trivier et al., 1996;
Sassone-Corsi et al. 1999), while the H3S10ph mediated by PIM-1, a proto-oncogene, is
required to active the transcription of myc target genes and the subsequent transformation
(zippo et al., 2007).
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The JIL-1 kinase in Drosophila is the major kinase for phosphorylating H3S10 during
interphase. The JIL-1 protein localizes in the interband regions on polytene chromosome
with upregulation on the male X chromosome (Jin et al., 2000), and it is implicated in dosage
compensation in males (Lerach et a., 2006). JIL-1 null mutants exhibit a dramatic decrease in
total H3S10ph level, and die before the adult stage, with polytene chromosome morphology
severely disrupted (Wang et al., 2000). The autosomes from this null mutant are twisted and
shortened, and the banding pattern along chromosomes is no longer discernable. In
particular, the male X chromosome is even more severely affected in that it displays a puffy
structure with intermixing of band/interband regions when examined under electronic
microscope (Deng et al., 2005).
Structurally, the JIL-1 kinase can be divided into four domains: the N-terminal
domain (NTD), the kinase domain I (KD I), the kinase domain II (KD II), and the C-terminal
domain (CTD). The KD I is most conserved in that it shares 63% identity to human MSK1
and 47% identity to Drosophila RSK (Jin et al., 1999). However, other domains are more
divergent. Interestingly, in a JIL-1 mutant JIL-1z2/JIL-1h9 where the whole C-terminal region
as well as part of KDII is deleted, we observed a strikingly similar phenotype in polytene
chromosome morphology to that of the JIL-1 null mutant, although the JIL-1z2/JIL-1h9
mutants can survive to adulthood (Zhang et al., 2003). This suggests that JIL-1 CTD plays an
essential role in maintaining higher order chromatin structure, which maybe separated from
JIL-1’s role in viability. In addition, the JIL-1 Su(var)3-1 mutants, which represent a series of
partial deletion mutants in the JIL-1 CTD, exhibit strong suppression abilities towards
position effect variegation (PEV) in both wm4 locus (Ebert et al., 2004) and pericentrimeric
reporter genes (Bao et al., 2007); however, the mechanism underlying this suppression is not
clear.
Using a series of JIL-1 deletion/domain transgenes expressed in both wild type and
JIL-1 null mutant backgrounds, we discovered that the CTD functions as a targeting domain
to ensure the proper localization of JIL-1 on chromosomes. The CFP-CTD fusion protein
localizes to chromosomes in a very similar pattern to the endogenous JIL-1 protein. In
addition, the overexpression of CTD in wild-type background can compete off the targeting
of endogenous JIL-1 protein, so that the endogenous JIL-1 protein can no longer upregulate
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on the male X chromosome and is partially degraded. In contrast, the GFP--CTD fusion
protein, which has everything but the C-terminal region of JIL-1, has a dramatic reduction of
affinity to chromosomes, and mainly localizes to interchromosomal regions in the nucleus.
When these two different transgenes are expressed respectively in a JIL-1 null mutant,
neither of them alone can totally rescue the chromosome defects. Our results indicate that the
CTD of JIL-1, despite lacking enzymatic activity, plays an essential role in both targeting the
JIL-1 protein to its proper chromosomal localization and regulating high-order chromosome
structure.
RESULTS
The JIL-1 CTD is required for proper chromosomal localization of JIL-1
kinase
In order to understand the function of the JIL-1 CTD in vivo, we constructed two
transgenes with the UAS promoter as diagramed in Figure 1A. One expresses CFP-CTD,
which is composed of the C-terminal domain of JIL-1 fused with a CFP tag, and the other is
GFP-JIL-1--CTD, which is composed of everything but the C-terminal domain of JIL-1,
and fused with a GFP tag on the N-terminus. When the CFP-CTD transgene is expressed in
wild-type background, live imaging of the CFP signal in 3rd instar larval salivary gland cells
indicates that this fusion protein associates with polytene chromosome in a similar fashion to
the full-length JIL-1 protein. In contrast, when the GFP-JIL-1--CTD is expressed in wild-
type background, it mainly localizes in the interchromosomal region (Fig 1B). Furthermore,
western blotting experiments indicate that the expression levels from these two transgenes
are comparable (Fig 1C). Taken together, these experiments suggest that the CTD is essential
for the chromosomal targeting of JIL-1 in vivo.
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The expression of CFP-CTD can compete off endogenous JIL-1 and
affects viability
Although CFP-CTD localizes in a similar fashion to the full-length JIL-1 protein
judging from the signal from live image, do these two proteins localize precisely with each
other on chromosomes? In order to address this question, we performed polytene
chromosome squash with larvae expressing CFP-CTD in wild type, and double labeled the
preparations with a JIL-1 N-terminal antibody, which will specifically recognize the
endogenous JIL-1 protein, and the GFP antibody to stain the CFP-CTD fusion protein. As
shown on Figure 2A, CFP-CTD colocalizes completely with endogenous JIL-1 protein along
the chromosomes (Figure 2B). Interestingly, this fusion protein does not upregulate on the
male X chromosome, and can further abolish the upregulation of endogenous JIL-1 protein
(Figure 2A).
As the CTD localizes in a similar pattern to the endogenous JIL-1 protein on
autosomes and can compete off the full-length JIL-1 protein at least clearly from the male X
chromosomes, we wondered whether ectopic expression of CTD affects the stability of
endogenous JIL-1 protein. Western blotting comparing the native JIL-1 protein levels
between animals with or without CTD expression revealed a dramatic decrease of full-length
JIL-1 protein after expression of the CTD, as normalized to the expression level of another
chromosomal protein ISWI (Figure 3A) and other loading controls (data not shown). This
suggests that JIL-1 protein is degraded when it is competed away from its proper
localizations by CFP-CTD.
The expression of CFP-CTD has a deleterious effect on the viability for males in
particular, probably due to the loss of upregulation of endogenous JIL-1 protein on the male
X chromosome. The overexpression of CTD can reduce male viability to about 50% the level
of siblings without overexpression (Figure 3B), as indicated from the numbers of adult flies
with different genotypes eclosed from the same genetic cross. However, the viability of
females does not seem to be significantly affected, probably because the residual JIL-1
protein remaining on site is sufficient for the expression of female essential genes.
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JIL-1 protein cannot properly localize to chromosomes without its CTD
Although the majority of JIL-1--CTD protein localizes to the interchromosomal
region as indicated from live images (Figure 1 A), a portion of this protein can still localize
to chromosomes, possibly mediated by the kinase domains. In order to address the
localization of this portion of protein as compared to the endogenous full-length protein, we
performed polytene chromosome squashes of 3rd instar larvae expressing GFP- JIL-1--CTD
in a wild-type background.
The expression of GFP-JIL-1--CTD fusion protein has a dominant effect on the
development of 3rd instar larval salivary gland. The salivary glands from JIL-1--CTD
expressing larvae are generally larger than those from siblings without this expression.
Furthermore, the polytene chromosomes obtained from the JIL-1--CTD expressing larvae
are fatter and have improved band/interband resolution than normal wild type ones under
exact same fixation and staining conditions, thus allowing a comparison of the localization of
JIL-1--CTD and endogenous JIL-1 proteins with higher resolution.
As shown in Figure 4, the portion of chromosome-localized GFP-JIL-1--CTD (red)
does not localize in an identical pattern to the endogenous JIL-1 protein (green). This can be
seen more clearly from the magnified piece of chromosome from Figure 4 E-H.  Although
both JIL-1--CTD and endogenous JIL-1 localize to the interband region, the JIL-1--CTD
protein seems to have low affinity to a few sites where endogenous JIL-1 is strongly
detected, but ectopically localizes to new sites with little endogenous JIL-1 labeling.
Unlike CFP-CTD, this -CTD protein does not compete off the upregulation of
endogenous JIL-1 protein on the male X chromosome (Figure 5B), most likely due to its
different chromosomal localization. This truncated protein localizes only loosely to the
autosomes (Figure 5 A and C). However, it does seem to have a stronger affinity to the male
X chromosome (arrowhead, Figure 5C), as suggested by the stronger staining signal
compared to autosomes. The upregulation of -CTD is not associated with the endogenous
JIL-1 protein that is also upregulated on the male X chromosome; rather, it has a much
broader distribution than the endogenous one (Figure 5G). Although the exact mechanism of
this upregulation is not clear, we speculate that this is probably caused by the more
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decondensed texture of the male X chromosome, which may make it more accessible for the
truncated JIL-1 protein without its localization domain.
Both CTD and the JIL-1--CTD participate in maintaining the higher-
order chromosome structure
Without the expression of any transgenes, JIL-1 null mutants exhibit condensed and
coiled autosomes with disrupted banding patterns and the male X chromosome morphology
being particularly perturbed (Figure 6 G and H). This chromosomal phenotype is rescued by
expressing a full-length JIL-1 transgene with a V5 tag (Figure 6 A and B), which can both
restore the normal banding pattern on polytene chromosome as well as its upregulation on the
male X chromosome.
The JIL-1z2/JIL-1h9 mutants, which express only a truncated JIL-1 lacking the CTD
and part of KD II, chromosomal morphology is disrupted and resembles null mutants. This
observation as well as the finding that the CTD domain itself can associate with
chromosomes and localize in a very similar banding pattern as the endogenous JIL-1 protein
led us to investigate whether the CTD itself also plays a role in establishing/ maintaining
higher-order chromatin structure as well. To test this, we expressed the CFP-CTD transgene
in JIL-1 null mutant background, and examined the chromosomal morphology from polytene
squash preparations. As shown on Figure 5 C and D, the expression of this transgene can
significantly improve the chromosomal morphology of JIL-1 null mutant. The chromosomes
in female larvae are rescued to the extent that they are undistinguishable from wild-type ones
from polytene chromosome squash preparations examined using epifluorescent microscopy.
Male larval polytene chromosomes are also improved in the presence of CFP-CTD, but to a
less extent as compared to females, with some coiling still present along chromosome arms.
Importantly, the male X chromosome, which is more disrupted and puffed in null JIL-1z2/JIL-
1z2 mutants, is rescued to a similar morphology to autosomes by CFP-CTD expression.
The JIL-1--CTD transgene, on the other hand, plays a different role in chromosome
organization. The expression of this truncated protein in female larvae totally rescues the
chromosome defect of JIL-1 null mutants (Figure 6E); however, its expression in male is not
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sufficient to rescue the puffy male X chromosome (Figure 6F, arrowhead). Taken together
with the data that the CFP-CTD transgene can rescue the puffiness of the male X
chromosome, it suggests that the CTD is particularly important in maintaining the male X
chromosome morphology.
In order to determine whether the JIL-1--CTD protein, which carries the intact
kinase domains, can still phosphorylate histone H3 serine 10 like the native JIL-1 protein
does (Figure 7A), we double labeled the polytene chromosomes from JIL-1 JIL-1z2/JIL-1z
mutants expressing GFP-JIL-1--CTD with both anti-GFP antibody and anti-H3S10ph
antibody. As shown on Figure 7B, this truncated JIL-1 protein can still phosphorylate H3S10
on the interphase polytene chromosome, and the strong H3S10ph sites colocalize with the
GFP signal of this transgene. In addition, a lower signal of H3S10ph was also observed on
chromosomal locations void of the GFP-JIL-1--CTD signal. We speculate this portion of
H3S10ph may be caused by the interchromosomal portion of GFP-JIL-1--CTD which is not
properly localized and has transient access to phosphorylate H3 even in banded regions.
CTD can directly interact with histone H3
In order to understand the mechanism by which CTD directs JIL-1 protein to
chromatin, we performed a series of overlay assays between a recombinant GST-CTD fusion
protein and a series of chromatin proteins. Amongst different candidates, we observed a
strong and specific interaction between CTD and histone H3, and this interaction was
observed in both commercially available bovine histone extract, as well as Drosophila S2
cell histone extraction (Figure 8A). The specificity of this interaction is further supported by
lack of any observable interaction between a recombinant GST-JIL-1-NTD fusion protein
and all histone proteins.
Since the histone proteins are generally divided into two parts, the N-terminal tail
region and the histone core region, we were interested to know which region is responsible
for interacting with the JIL-1 CTD. To address this question, we expressed myc-CTD
transgenically in Drosophila S2 cells and tested whether it can interact with recombinant
GST fusion proteins composed of various length of H3 sequence in pull down assays. The
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GST fusion proteins were coupled with glutathione agarose beads, incubated with S2 cell
lysate, washed, fractionated by SDS-PAGE and analyzed by immunoblot analysis using anti-
myc antibody. As shown on Figure 8B, the GST fustion protein comprising the N-terminal
55 amino acids of histone H3, GST-H3-T, has a similar affinity towards CTD as the full-
length H3 fusion protein GST-H3. The histone core of H3 GST-H3-C, on the contrary, did
not pull down CTD from cell lysate. Furthermore, since H3S10 is the substrate of JIL-1
kinase, we wondered whether the first 10 amino acids are required for the interaction
between CTD and H3. Thus we also constructed a GST fusion protein with the H3 N-
terminal tail region lacking the first 10 amino acids GST-H3-TN-10. As it turned out that this
fusion protein had comparable affinity towards CTD as the GST-H3-T, suggesting the N-
terminal amino acids 11-55 in the H3 tail region is sufficient to mediate the interaction.
The CTD harbors a novel H3 interaction domain
As diagramed on Figure 9A, the CTD has a unique primary sequence in that its first
part CTD-A is very acidic, with a predicted pI lower than 4, and a second part CTD-B is
highly basic, with a predicted pI higher than 11. In addition, there is also a predicted globular
domain within the basic region. In order to map which region in the CTD mediates its
interaction with H3, we performed in vitro pull-down assays between histone H3 from S2
cell lysate and GST-fusion proteins containing different parts of the CTD. The results
indicate that the predicted globular region (CTD-G) within CTD-B is sufficient to interact
with histone H3 (Figure 9A). Interestingly, this region was also shown previously to mediate
the interaction between JIL-1 and lamin Dm0 (Bao et al., 2005).
We did further mapping to check whether these two molecular interactions are
mediated by the same stretch of amino acids or the interaction surface is different. As shown
on Figure 9B, the middle region of CTD-G (CTD-Gc) cannot interact with either H3 or lamin
Dm0. The most C-terminal region (CTD-G33) is sufficient to interact with H3. However, its
affinity towards lamin Dm0 is reduced comparing to a 95 amino acid region (CTD-G3),
comprising both CTD-Gc and CTD-G33. This indicates that these two interactions do share
overlapping interaction domains, but the precise interaction surface is not identical. The
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interaction of JIL-1’s CTD with lamin Dm0 requires additional amino acids to stabilize the
interaction.
DISCUSSION
In this study we provide evidence that the C-terminal domain of JIL-1 tandem kinase
is required for its proper chromosomal targeting, and is important for chromatin morphology
maintenance with male X in particular. CTD itself can localize to similar sites to the
endogenous JIL-1. Without this domain, the truncated protein has decreased affinity to
chromatin, and can no longer localize to the proper genomic locations. By a series of deletion
analysis, we discovered a small motif within the CTD that can directly and specifically
interact with histone H3 from both in vitro pull down assays as well as overlay analysis. We
propose this novel H3 binding region may provide a strong affinity for JIL-1 to associate
with chromatin.
The discovery that the CTD is essential for JIL-1’s proper chromosomal localization
suggest a mechanism by which the JIL-1Su(var)3-1 alleles, comprised of a series of truncations
along the CTD, strongly suppress PEV in both w m4 site on X chromosome and
pericentrimeric insertions. These PEV reporters are normally semi-suppressed as a result of
heterochromatin spreading from the chromocenter; however, the expression of these genes
are significantly increased in the presence of the JIL-1Su(var)3-1 allele, which genetically
antagonize with the H3K9 methytransferase Su(var)3-9, and impair gene silencing (Ebert et
al., 2004). It was reported that the truncated JIL-1 proteins expressed from JIL-1Su(var)3-1 allele
no longer co-localizes with MSL protein on the male X chromosome as in the case for wild-
type JIL-1 (Zhang et al., 2006). Taken together with the findings from this paper, we suggest
a model in which the truncated protein expressed from JIL-1Su(var)3-1 alleles loses its affinity
for the chromatin and is mislocalized due to the loss of JIL-1’s H3 targeting domain that
would normally stabilize JIL-1’s binding to chromosomes. This non-targeted kinase may
have a higher accessibility towards pericentrimeric regions, including the wm4 site and the
pericentrimeric reporter genes, directly phosphorylating H3S10 and upregulating gene
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expression. On the other hand, this mislocalized kinase may regulate PEV indirectly by
turning on the expression of other transcription factors or chromatin modifiers, which can
suppress the heterochromatin spreading on these PEV sites.
With the loss of CTD, we did not see a complete loss of chromatin binding of JIL-1-
-CTD. Rather, we observed a mislocalization of the chromatin-associated fraction. This
may be due to interactions between the remaining domains of JIL-1 with other chromatin
proteins. It has been previously shown that the KD I of JIL-1 can interact with lola, a BTB
domain transcription factor (Zhang et al., 2003b). In addition, the kinase domains of JIL-1
also directly mediate the interaction with the MSL complex (Jin et al., 2000). Thus the
normally low-affinity or transient interactions with JIL-1 mediated by other domains may
predominant after loss of the CTD.
This study does not address whether post-translational modifications of H3 also play
a role in regulating H3’s interaction with JIL-1. Although the CTD can interact with the H3
tail which does not have any modifications, as indicated from the positive pull down result
between bacterially expressed recombinant GST-H3 fusion protein and myc-CTD, it does not
exclude the possibility that certain modifications on histone tails, such as H3K9 methylation
and H3K14 acetylation, may dramatically enhance or reduce the affinity of CTD to H3.
Future studies in this direction will compare the affinity of CTD to H3 with different
modifications, and this may provide insight to factors governing the selective localization of
JIL-1 along the genome.
The partial rescue of polytene chromosome defects of JIL-1 null mutant by GFP-JIL-
1--CTD can be explained by its ability to generate H3S10ph and consequently open the
higher folder folding of chromatin by antagonizing H3K9me2. However, it is interesting to
note that the CTD itself also participates in the overall chromosome morphology
maintenance. It is possible that the CTD alone can directly expose its acidic region to DNA
and unfold chromatin by the negative charges. In addition, studies on lamin B, the
mammalian homolog of lamin Dm0, revealed a chromatin interaction domain in its tail
region (Taniura et al., 1995), which is a similar site to the JIL-1 interaction region in lamin
Dm0. This raises another possibility that the expression of CTD can help to release the
chromatin association with lamin by its competional binding to lamin tails as well as H3, and
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promote a better chromatin higher order organization. A third possibility is that the CTD can
recruit other chromatin remodeling proteins, especially on the male X chromosome, to
preserve the normal DNA alignment and folding of the polytene chromosome. A purification
project with CTD only to identify novel interaction partners can be very informative to figure
out the role of CTD in chromatin morphology establishment.
MATERIAL AND METHODS
GFP/CFP fusion constructs
For CFP-CTD transgene, CFP-NLS sequence from Clontech was PCR amplified and
fused to N-terminus of JIL-1 CTD cDNA (aa 927-1207) and inserted into the pUAST vector.
The GFP-JIL-1--CTD transgene was constructed by fusing a GFP tag to the N-terminus of
JIL-1 cDNA subtracted the CTD (aa 1-926), and was inserted into the pUAST vector.  The
fidelity of the constructs was verified by sequencing at the Iowa State University DNA
Facility.
Fly stocks
Fly stocks were maintained according to standard protocols (Roberts, 1986). Canton-
S was used for wild-type preparations. The JIL-1z2 allele has been previously described
(Wang et al., 2001; Zhang et al., 2003a). CFP-CTD and GFP--CTD lines were generated by
standard P-element transformation (Roberts 1986), and the GFP-JIL-1 line was described in
Jin et al 1999.  The expression of the transgenes was driven using the P{w[+mC]=Act5C-
GAL4} or P{w[+mC]=GAL4-Hsp70.PB} (obtained from the Bloomington Stock Center)
introduced by standard genetic crosses. All genetic crosses were conducted at 23°C.
Immunohistochemistry
Polytene chromosome squash preparations were performed as in Kelley et al. (Kelley
et al., 1999) using either 1 or 5 minute fixation protocols and labeled with antibody as
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described in Jin et al. (Jin et al., 1999). Primary antibodies include chicken anti-GFP (Aves
Labs, Tigard, OR), rabbit anti-GFP (Invitrogen), rabbit anti-JIL-1 (Jin et al., 1999), chicken
anti-JIL-1 (Jin et al., 2000) and rabbit anti-H3S10ph (Cell Signaling). The appropriate
species- and isotype-specific Texas Red-, TRITC- and FITC-conjugated secondary
antibodies (Cappel/ICN, Southern Biotech) were used (1:200 to 1:400 dilution) to visualize
primary antibody labeling. DNA was visualized by staining with Hoechst 33258 in PBS. The
final preparations were mounted in 90% glycerol containing 0.5% n-propyl gallate and
examined using epifluorescence optics (40x Plan-Neofluar 1.30 NA) on a Zeiss Axioskop
microscope. Images were captured and digitized using a Spot CCD camera (Diagnostic
Instruments), imported into PhotoShop, image-processed and merged.
Biochemical analysis
SDS-PAGE and immunoblotting
SDS-PAGE was performed according to standard procedures (Laemmli, 1970).
Electroblot transfer was performed as described previously (Towbin et al., 1979) with
transfer buffer containing 20% methanol and in most cases including 0.04% SDS. For these
experiments we used the Bio-Rad Mini PROTEAN II system, electroblotting to 0.2 µm
nitrocellulose, and using anti-mouse or anti-rabbit HRP-conjugated secondary antibody (Bio-
Rad) (1:3000) for visualization of primary antibody diluted from 1:1000 to 1:3000 in Blotto.
The signal was visualized using chemiluminescent detection methods (SuperSignal West
Pico Chemiluminescent Substrate, Pierce). The immunoblots were digitized using a flatbed
scanner (Epson Expression 1680).
Pull-down assays
In pull-down assays GST-fusion proteins were used to pull down endogenous histone H3
from wild-type S2 cell lysates or 6myc-CTD from transfected stable-line S2 cell lysate.
Initially the JIL-1 GST-fusion proteins NTD (aa 1-211) and CTD (aa 927-1207), which have
been previously described (Jin et al., 2000), and a full-length H3 (aa 1-135) fragment that
was RT-PCR amplified (using the 5’ primer TGAATTCATGGCTCGTACCAAGCAAACT
and the 3’ primer AACCGTCGACAGCACGCTCGCCACGAATG) from mRNA extractions
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from S2 cells were cloned into the pGEX4T vector and expressed in Escherichia. coli using
standard techniques (Sambrook and Russell, 2001). For subsequent experiments, GST-fusion
protein constructs with various truncations of H3 and the COOH-terminal domains of JIL-1
were generated from PCR amplification and insertion into pGEX4T vector (Promega). The
H3 truncation sequences were PCR amplified based on the full length GST-H3 with the
following primers: GST-H3-T (aa 1-55), 5’primer TATTGAAGCTATCCCACAAATTG and
3’ primer GTAGCGACGAATTTCACGCAAG; GST-H3-C (aa 56-155), 5’ primer CAA
AAGAGCACCGAGCTTCTAATC and 3’ primer CATGTGTCAGAGGTTTTCACCGTC;
GST-H3-TN-10(aa 11-55), 5’ primer ACTGGTGGAAAGGCGCCAC and 3’ primer
GTAGCGACGAATTTCACGCAAG.  The GST-CTD-A, GST-CTD-B and GST-CTD-G
constructs were described previously in Bao et al 2005. The remaining CTD truncation
sequences were PCR amplified based on GST-CTD (Jin et al., 2000) with the following
primers: CTD-Gc (aa 1105-1144), 5’ primer GAAGAGAATTTCTATGGATTTAGTAAG
and 3’ primer CTTTTTTGAACCGAACCTTAAGC; CTD-G3 (aa 1105-1196), 5’ primer
GAAGAGAATTTCTATGGATTTAGTAAG and 3’ primer CTCTCCGGCTGAA
CTCGAGTCGGTG; CTD-G33 (aa 1144-1196), 5’ primer AAAGCGCGTCGCGTCTACT
GCCTG and 3’ primer CTCTCCGGCTGAACTCGAGTCGGTG. These GST fusion protein
constructs were verified by sequencing and fusion proteins were purified using glutathione
agarose beads (Sigma-Aldrich) following standard protocols (Amersham Pharmacia). For the
in vitro protein-protein interaction assays, approximately 2 µg of the appropriate GST-fusion
protein were coupled with glutathione agarose beads and incubated with 300 µl of S2 cell
lysate (from 107 cells/mL) at 4°C overnight on a rotating wheel. The beads were washed four
times for 10 minutes each in 1 ml PBS with 0.5% Tween-20, and proteins retained on the
glutathione agarose beads were analyzed by SDS-PAGE and western blotting with signals
detected by SuperSignal West Pico Chemiluminescent Substrate (Pierce).
Histone extraction from Drosophila S2 cells
10mL of S2 cell culture containing ~107cells/mL was pelleted by slow spinning, and
washed once with 5mL ice-cold PBS. The re-pelleted cells were resuspended with 2mL of
lysis buffer (10mM Tris-HCL pH 8.0, 1mM KCl, 1.5mM MgCl2, 0.5% Nonidet P-40, 1mM
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DTT, 1 mM phenylmethylsulfonyl fluoride and 1.5 µg/ml Aprotinin), and incubated on ice
for 30 min. The nuclei were collected by spinning at 5000 rpm for 10 min at 4°C, and
resuspended in 0.4 mL 0.4N H2SO4 and incubated with rotating at 4°C for 30 min to
overnight. After incubation, supernatant was collected by spinning at 13,200 rpm for 10 min,
and histone was precipitated by adding TCA (100%) to final concentration of 20% and
incubating on ice for 30 min. The precipitated histone protein was harvested by spinning at
13,200 rpm for 10 min, washed twice with cold acetone (-20 °C), air dried and resuspended
in appropriated amount of H2O.
Overlay experiments
The truncated GST-JIL-1 fusion proteins, JIL-1-NTD (aa 1-211), JIL-1-CTD (aa 927-
1207) have been previously described (Jin et al., 2000).  CTD G33 (aa 1144-1196) was
cloned into the pGEX4T vector using standard techniques (Sambrook and Russell, 2001).
The respective GST-fusion proteins were expressed in BL21 cells and purified over a
glutathione agarose column (Sigma-Aldrich) according to the pGEX manufacturer's
instructions (Amersham Pharmacia Biotech). For the overlay interaction assays either bovine
histones or Drosophila histone extractions were fractionated by SDS-PAGE and
electroblotted to nitrocellulose. The blots were subsequently incubated with approximately 2
µg of either the JIL-1-NTD, JIL-1-CTD or CTD G33 GST-fusion protein overnight at 4°C in
PBS with 0.5% Tween-20 and 5% non-fat milk on a rotating wheel. The blots were washed
four times for 10 minutes each in PBS with 0.5% Tween-20 and the binding was detected by
anti-GST mAb 8C7 (Rath et al., 2004).
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FIGURE LEGENDS
Figure 1. CTD is required for JIL-1’s chromosomal targeting. (A) Diagram of CFP-
JIL-1-CTD and GFP-JIL-1--CTD transgenes. Both constructs were expressed in a wild-type
background. (B) The live GFP signal of GFP--CTD, as seen from live image of salivary
gland cells, localized mainly in the inter-chromosomal regions. However, CFP-CTD
associated tightly on the polytene chromosomes, like the full-length JIL-1 protein. (C)
Western bloting comparing the transgene expression level between CFP-JIL-1-CTD and
GFP-JIL-1--CTD detected by JIL-1 polyclonal antibody Hope I (Jin et al., 1999) indicated
that these two transgenes were expressed at comparable levels, as normalized to the level of
lamin Dm0 by the mAb1207 (Bao et al., 2005).
Figure 2. CTD localizes to similar sites as endogenous JIL-1 and can compete off
native JIL-1 protein from male X chromosome. (A) Polytene chromosome squash from
wild-type male 3rd instar larval salivary glands with or without expression of CFP-CTD
transgene. The endogenous JIL-1, as visualized by the N-terminal JIL-1 antibody chicken
2889, was not upregulated on the male X chromosome with CFP-CTD expression. In control
males without CFP-CTD expression, the endogenous JIL-1 protein was upregulated on male
X chromosome. (B) Polytene chromosome squash of an autosome from a female larva
expressing CFP-CTD was double labeled with both anti-GFP antibody to visualize the
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localization of CFP-CTD and chicken 2889 to detect endogenous JIL-1 protein. These two
proteins co-localize with each other on the polytene chromosome.
Figure 3. Effect of CFP-CTD overexpression on adult fly viability. (A) Western
blotting of 3rd instar larvae with or without expression of CFP-CTD transgene. Rabbit
antiserum of JIL-1 recognizing its C-terminus domain was used to detect the expression of
CFP-CTD as well as endogenous JIL-1. With the expression of CFP-CTD, the level of
endogenous JIL-1 protein was significantly reduced, as normalized by the expression of
another chromosomal protein ISWI. (B) The overexpression of CFP-CTD dominantly
affected the viability of males. CFP-CTD/CFP-CTD; +/+; JIL-1z2/+ females were mated with
+/Y; actin-5C-Gal4/CyO; JIL-1z2/+ males. The numbers of eclosed adult offspring from each
genotype were scored. The expression of CFP-CTD in males reduced their viability to 43%
of their siblings without the expression being driven by acin-5C-Gal4 chromosome.
However, comparable numbers of eclosed females were observed from genotypes with CFP-
CTD overexpression (132) and without overexpression (125).
Figure 4. Localization of GFP-JIL-1--CTD as compared to endogenous JIL-1 in
females. Polytene chromosomes from a female larva expressing GFP-CTD were triple
labeled with GFP antibody (in red), JIL-1 C-terminal antibody (to detect endogenous JIL-1,
in green) and Hoechst (DNA, in blue). Both intact polytene chromosomes (A-D) and part of
the magnified chromosome region (E-H) are shown. The localization of GFP-CTD was not
identical to the endogenous JIL-1 on the female chromosomes.
Figure 5. Localization of GFP-JIL-1--CTD as compared to endogenous JIL-1 in
males. Polytene chromosomes from a male larva expressing GFP-CTD were triple labeled
with antibodies to GFP (in red), JIL-1 C-terminal region (to detect endogenous JIL-1, in
green) and Hoechst (DNA, in blue). Both intact polytene chromosome (A-D) and part of the
magnified male X chromosome region (E-H) are shown. The GFP--CTD had higher
affinity to the male X chromosome than to the autosomes, but the localization of GFP--
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CTD on male X was different from the upregulated endogenous JIL-1 protein as indicated
from the red and green color from the merged picture.
Figure 6. Rescue of chromosome defect in JIL-1 null mutant by transgenes
expressing different domains of JIL-1. Polytene chromosome preparations from male and
female third instar JIL-1 larvae JIL-1z2/JIL-1z expressing full-length JIL-1 transgene JIL-1-
V5 (A female, and B male), CFP-CTD (C female and D male), GFP-CTD (E female and F
male) were double labeled with anti-JIL-1 or anti-GFP antibody to visualize the localization
of transgenic fusion protein (green) and Hoechst (DNA, blue). The male X chromosome is
indicated with an X. The polytene chromosomes from JIL-1z2/JIL-1z without any transgene
are also shown for comparison (G female and H male).
Figure 7. GFP-JIL-1--CTD can phosphorylate histone H3. (A) JIL-1 protein (green)
completely colocalizes with H3S10ph (red) on polytene chromosomes in both males (upper
panel) and females (lower panel). (B) Polytene chromosome preparation from a JIL-1 null
mutant JIL-1z2/JIL-1z expressing GFP-JIL-1--CTD were triple labeled by antibodies against
GFP (green) and H3S10ph (red), and Hoechst (DNA, blue). The strong signals of H3S10ph
colocalized with that of GFP-JIL-1--CTD.
Figure 8. CTD can directly interact with histone H3. (A) Equal amount of GST-CTD
or GST-NTD fusion protein were used to overlay with Bovine (upper panel) or Drosophila
(lower panel) histone extraction, which was separated by SDS-PAGE and transferred to
nitrocelluse membrane. The input of histone extractions for the overlay assays was shown on
left and the overlay results were shown on right. As detected by mAb 8C7 (Rath et al., 2004),
the GST-CTD specifically interacted with H3, while this interaction was not observed with
GST-NTD. (B) Pull-down assays using different length of histone H3 GST fusion proteins to
pull down 6myc-CTD from transfected S2 cell lysate. The pull-down results were detected
by anti-myc antibody (left) and the input GST-fusion proteins were detected by anti-GST
antibody. Both GST-full-length-H3 as well as GST-H3-T (amino acid 1-55) pulled down
6myc-CTD from S2 cell lysate (top panel), but not with the histone H3 core (aa 56-136)
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fusion protein GST-H3c (middle panel). The GST fusion protein with H3 tail region without
the first 10 amino acids (H3T N-10) was also sufficient to pull down 6myc-CTD from S2
cells with a similar affinity as the GST-H3T construct (lower panel).
Figure 9. Mapping of the H3 interaction domain in CTD. (A) The truncated COOH-
terminal JIL-1 GST-fusion protein constructs used for domain mapping. The JIL-1 COOH-
terminal domain can be divided into predominantly acidic and basic regions, with the basic
region containing a predicted globular domain.  S2 cell lysate was incubated with the various
truncated JIL-1 GST-fusion protein constructs or with a beads-only control and pelleted with
glutathione-agarose beads. Interacting protein(s) were fractionated by SDS-PAGE, western
blotted, and probed with the histone H3 antibody. Unincubated S2 cell lysate was included as
a control. The CTD, CTD-B and CTD-G were able to pull down the H3 protein also detected
in the cell lysate, whereas no interaction was observed with the CTD-A construct or with the
beads-only control. This defined the globular domain in the basic region as sufficient for
mediating interactions with H3. The input GST-fusion proteins used for the pull-down
experiments were detected with the anti-GST mAb 8C7 (right panel). (B) GST-fusion
proteins with smaller regions from the CTD-G domain, including GST-CTD-G3 (amino acid
1105-1196), GST-CTD-Gc (amino acid 1105-1144) and GST-CTD-G33 (amino acid 1144-
1196), were used to further map the interaction region with H3. Unincubated S2 cell lysate
was included as a control. The CTD-G, CTD-G3 and CTD-G33 were able to pull down the
H3 protein also detected in the cell lysate, whereas no interaction was observed with the
CTD-Gc construct or with the beads-only control. Similar results were obtained when lamin
Dm0 was detected from the pull down experiment except that the affinity between CTD-G33
and lamin Dm0 was significantly decreased as compared to the CTD-G3 construct. The input
GST-fusion proteins used for the pull-down experiments were detected with the anti-GST
mAb 8C7 (right panel). (C) Purified CTD-G33 GST fusion protein was used to overlay with
different histone protein separated by SDS-PAGE. The input of histone proteins for overlay
were stained by Panceau S and shown on left, and the overlay result was shown on right. The
CTD-G33 fusion protein was sufficient and specific to interact with only H3 but not with
other histone proteins.
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CHAPTER 8.  GENERAL CONCLUSIONS
GENERAL DISCUSSION
The function of the C-terminal domain in JIL-1 kinase is a focus of this thesis.
Although the CTD has no significant homology to any known protein, and has no known
protein motif, the function of the CTD was elucidated as an important interaction platform
for multiple proteins, including lamin Dm0, a nuclear scaffold protein, and hisone H3, a
major component of chromatin. Through transgenic analysis in both wild-type and JIL-1 null
mutant background, the CTD was further revealed as the targeting domain for proper
chromosomal localization of the JIL-1 kinase, as well as a domain participating in regulating
the proper chromosome morphology in vivo.
In addition, the roles of JIL-1 and its interaction partners in PEV are also described in
this manuscript. JIL-1 functions as a Su(var) (suppressor of variegation) in the locus of wm4;
While lamin, which genetically antagonizes JIL-1, functions as an E(var) (enhancer of
variegation) at this locus. The lethality and chromosome defect of JIL-1 mutants can be
rescued by another PEV modifier Su(var)3-9, however, this pathway is independent of HP1,
a interact partner of Su(var)3-9 in heterochromatin silencing, indicating a novel interaction
mode between JIL-1 and Su(var)3-9.
The interaction between JIL-1 and lamin Dm0
A novel link between the chromosomal kinase JIL-1 and a nuclear scaffold protein
lamin Dm0 is described in this study. The potential interaction between JIL-1 and lamin Dm0
was first revealed from yeast-2-hybrid screening using JIL-1 CTD as bait, and this interaction
was further confirmed through co-immunoprecipitation analysis, in vitro pull down assays
and genetic studies. The domains mediating physical interaction between these two proteins
were mapped to the predicted globular region in the JIL-1 CTD and the tail region of lamin
Dm0. Further supporting the functional relationship between JIL-1 and lamin Dm0, we
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observed disruption of the nurse cell lamina structure in JIL-1z2/JIL-1h9 females that express a
truncated JIL-1 protein devoid of the lamin interaction regions.
What is the biological significance of this interaction?
A big implication of the interaction between a chromatin modifier and a nuclear
scaffold protein is the synergistic regulation of gene expression by these two proteins. Both
JIL-1 CTD and lamin Dm0 can potentially use the similar interaction region to interact with
chromatin, which is supported by the interaction between CTD and H3 in this study, and the
association between mammalian lamin proteins and histones as reported in literature (Taniura
et al., 1995). It is very possible that the association between JIL-1 and lamin Dm0 can
compete off the binding between lamin and chromatin, changing the state of gene expression.
This model is supported by the PEV result in the wm4 locus. In lamin mutants, the white
expression is down-regulated as compared to wild-type; however, the expression is up-
regulated in JIL-1 mutants, suggesting a balanced expression and a balance association of
JIL-1 and lamin with chromatin is required for proper gene expression.
Is this interaction direct?
Although the interaction was confirmed by different approaches including yeast-two-
hybrid assay, in vitro pull-down assays, and co-immunoprecipitation analysis, none of these
approaches definitively proves a direct interaction between lamin and JIL-1. Since the
immunoprecipitation studies and pull-down assays were carried out with Drosophila S2 cell
lysate, it is formally possible that a third protein from cell lysate may mediate the observed
interaction. The yeast-2-hybrid experiment infers a direct interaction; however, we cannot
exclude the possibility that the observed interaction is mediated by an undefined yeast
protein.
To address this question, it is possible to purify both recombinant JIL-1 CTD region
as well as the recombinant lamin Dm0 to the HPLC grade to minimize the chance of getting
other co-purified contaminants, and test the interaction between these two proteins. The
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overlay experiment, which is easy to perform, is worth a try. However, a limitation of this
approach is that one of the proteins would be denatured through SDS-PAGE and western
blotting, and this may affect the potential interaction if a 3D interaction surface is required.
Thus an in vitro pull-down assay is a better choice, and a eukaryotic expression system,
which could provide proper folding and essential modifications for the expressed proteins, is
preferred. If the pull down experiment between to purified recombinant protein is positive, it
will support a direct interaction between JIL-1 and lamin Dm0.
Is lamin a substrate of JIL-1 kinase?
The in vitro interaction mapping results suggest that the globular region within CTD
mediates an interaction between JIL-1 and lamin. However, an obvious question arising from
this observed interaction is whether lamin is a substrate of JIL-1 kinase. Lamin is
phosphorylated at different sites during both interphase and mitosis (Ottaviano et al., 1985).
To date, several lamin kinases have been identified. Protein kinase C (PKC) is suggested to
be the kinase phophorylating interphase lamin and promote lamina dissembly (Collas et al.,
1997; Hornbeck et al., 1988). In Drosophila, Ser45 in lamin Dm0 has been shown to be
predominantly phosphorylated during mitosis, most likely by cdc2 kinase, and the known
interphase phosphorylation sites on lamin Dm0 include Ser25, a site between aa 430-438,
and Ser 595 (Schneider et al., 1999). However, the responsible kinases for these sites are not
clear.
Therefore the question arises whether JIL-1 could be one of the kinases
phosphorylating these interphase sites. A comparison of the surrounding amino acid
sequences of these sites reveals that Ser 595, preceded by arginines, has the closest consensus
amino acids to that of H3S10, which is a known substrate for JIL-1 kinase (Figure 1).
However, this does not exclude the possibility that other serines and threonines could
be the potential substrate of JIL-1 kinase. Since JIL-1 has two kinase domains, it is possible
that the phosphorylation reactions towards H3 and lamin could be mediated by different
kinase domains.
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Histone H3                              1 artkqtarkstggkaprkql
Lamin candidate1                21  prppsagpqp
Lamin candidate2               421 vqsfsqslrnstratpsrrt
Lamin candidate3               591 srrrsvtavd
Figure 1. Comparison of surrounding amino acids among the potential lamin substrate peptides
The possibility that JIL-1 can phosphorylate lamin Dm0 is further supported by
evidence that the lamin Dm0 in JIL-1 null mutant JIL-1z2/JIL-1z2 migrates slightly faster as
compared to wild-type on a SDS-PAGE gel (figure 2), indicating that certain post-
modification(s) is missing in JIL-1 null.
Figure 2.  Comparision of migrating size of lamin protein on SDS-PAGE between wild-type and JIL-1
null mutant.
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JIL-1 and its interaction partners roles in PEV
The results from three papers in this thesis describe the role of JIL-1 and its
interaction partners, including lamin Dm0, Su(var)3-9 and HP1, in regulating PEV at wm4
site, which is cause by a inversion juxtaposing the white gene near the pericentrimeric
heterochromatin region. The ability of JIL-1 in affecting PEV strongly support the notion that
the JIL-1 function is not restricted in regulating polytene chromosome morphology, but has a
broad role in affecting the packaging of interphase chromatin and regulating gene expression
in other tissues. In addition, JIL-1 is also functionally linked to other proteins capable of
regulating PEV including lamin Dm0 and Su(var)3-9 as revealed from genetic interaction
assays, suggesting a set of gene expression is modulated synergistically by these genes.
Experiments with different lamin alleles indicate that the loss-of-function allele and
well as the truncation allele without the JIL-1 interaction domain function as recessive
enhancers of wm4 PEV. On the contrary, the JIL-1 hypomorphic alleles functions as
suppressors on the same position. The opposite roles of these two interaction partners are
supported by genetic interaction analysis. The viability of the JIL-1 hypomorphic mutant JIL-
1EP(3)3657/ JIL-1EP(3)3657 can be rescued by reducting lamin levels.
These counteracting functions of lamin and JIL-1 can be explained by the roles of
JIL-1 and lamin in regulating chromatin structure. Lamin plays an important role in
chromosome positioning in the nucleus (Malhas et al., et al., 2007), while JIL-1 regulates the
higher order structure of chromosome. It is very possible that a subset of gene, which was
positioned inappropriately by loss of JIL-1, can be reversed by a corresponding mutation in
lamin, achieving a normal expression pattern. Alternatively, this phenomenon can be
explained by the possible opposing transcription activating/silencing complex associated
with lamin and JIL-1, with reduction in one force facilitating the other.
It is interesting to note that the viability and chromosomal defects in JIL-1 mutant can
be largely rescued by reduction of Su(var)3-9 levels, but is independent of HP1 level. This
seems to be inconsistent with the dogma that heterochromatin spreading relies on the co-
recruitment of both Su(var)3-9 and HP1 (Bannister et al., 2001). However, the inability of
HP1 in rescuing the defects in JIL-1 mutant is supported by the mislocalization of Su(var)3-9
and consequent H3K9me2 on the chromosome arms in HP1 mutants. Without HP1,
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Su(var)3-9 loses its affinity for the chromo-center, and is redistributed throughout the
chromosome arms (Schotta et al., 2002).  This is also supported by the immuno-staining
observation of increased H3K9me2 signal on the chromosome arms. In JIL-1 mutants we
also observe a spreading of H3K9me2, which is probably the main cause of gene silencing
and lethality. With loss of HP1 in the JIL-1 mutant background, there is no reduction of
ectopic H3K9me2 on the chromosome arms in JIL-1, Su(var)3-9 double mutant.
Furthermore, the mislocalized Su(var)3-9 due of the absence of HP1 seems lead to a even
higher level of H3K9me2 on the chromosome arms, which may lead to a further suppression
of gene expression. This is supported both by the immunostaining from JIL-1, HP1 double
mutants that the H3K9me2 signal on the chromosome arms is even stronger then from single
mutant of either HP1  or JIL-1, and by the increased lethality of the double mutant as
compared to single mutants.
To further address the role of JIL-1 in PEV, it is worthwhile to look into the potential
interaction between JIL-1 and other PEV modifiers. On promising candidate is Rpd3, which
encodes a histone deacetylase, and the null mutants in both fly and yeast show an increase in
PEV (De Rubertis et al., 1996). Both Su(var)3-9 and Rpd3 co-purify in the same immuno-
complex, and these two enzyme cooperate to methylate pre-acetylated histones (Czermin et
al., 2001). It would be interesting to probe for genetic interactions between JIL-1 and Rpd3;
however, a double mutant with these two genes may be tedious to generate due to their close
proximity, with Rpd3 localizing to 64B12 on the cytological map and JIL-1 mapping to
68A5-A6. Alternatively, an RNAi construct of Rpd3 could be expressed in a JIL-1 mutant. If
the viability of the JIL-1 mutant is rescued by decreasing the expression of Rpd3, it may
indicate that JIL-1 counteracts both Su(var)3-9 and Rpd3 to antagonize heterochromatization.
The role of JIL-1 CTD in chromosome morphology
Although the CTD of JIL-1 does not have any known enzymatic motifs, this domain
is indispensable for JIL-1’s overall function. Transgenic analysis indicates that the CTD itself
target to very similar localizations as the endogenous JIL-1 protein in vivo. Without the CTD,
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the JIL-1--CTD has reduced affinity to chromosomes, and is mislocalized. This suggests
that the CTD is essential for the proper localization for JIL-1.
The association between CTD and chromatin is probably mediated by its interaction
with histone H3, as indicated by in vitro overlay assays and pull-down analysis; however, we
don’t know whether this association is affected by the post-translational modification status
of the H3 protein in vivo.
Rescue experiments with the CFP-CTD transgene or the GFP--CTD transgene
expressed in JIL-1 null mutant background indicate that CTD is particularly important for
proper male X chromosome morphology. Nevertheless, the mechanism underlying CTD’s
ability in regulating chromosome morphology is not clear.
The role of the CTD in male X chromosome morphology
There are several genes, when mutated, strongly affect the morphology of the male X
chromosome. Mutation in two components of the NURF (nucleosome remodeling factor)
complex, the ISWI ATPase (Deuring et al., 2000), and the bromodomain-containing subunit
NURF301 (Badenhorst et al. 2002), can respectively lead to a shorter and broader male X
chromosome with a disrupted banding pattern. This phenotype is correlated with a higher
H4Ac16 level on the male X since this “puffy” phenotype can be rescued by blocking
acetylation (Corona et al., 2002).
Thus one possibility is that the JIL-1 CTD facilitates proper targeting of the Nurf
complex on the male X chromosome. This possibility can be tested by immuno-staining of
Nurf, to check whether its localization is disrupted in the absence of JIL-1 protein. However,
due to the disrupted banding pattern on the male X chromosome in the JIL-1 mutant, it may
be very hard to judge the localization of Nurf simply from its staining pattern. Alternatively,
a ChIP (chromatin immuno-precipitation) experiment can be performed to map the precise
localization of Nurf.
However, if the localization of Nurf does not depend on JIL-1, this may suggest that
both JIL-1 and Nurf are required independently in establishing a proper male X chromosome.
It is possible that the basic domain of JIL-1 CTD, with its highly positive charge (pI>11), can
counteract the chromatin-opening effect of acetylation, leading to a more organized
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chromosome structure. To test this model, a mutated CTD construct in which all the basic
amino acids are changed to acid amino acids in the basic region except for the H3-binding
domain, or alternatively, a deletion construct of CTD deleting most of the basic region except
the H3-binding module, could be introduced into the JIL-1 mutant background, and tested for
rescue of the male X chromosome. As a control, another construct design with a non-related
basic stretch fused with the H3-binding module could be introduced into JIL-1 null mutant. If
this fusion protein has a similar effect in rescuing the puffy male X chromosome, this would
further support the notion that the positive charges in CTD play an essential role in
chromosome structure.
The histone binding ability of the CTD
The JIL-1 CTD displays a strong affinity towards histone H3, particularly when the
H3 is in the context of sonicated chromatin in a pull-down assay with S2 cell lysate. This
strong binding in in vitro assay may indicate a stable association of JIL-1 with chromatin in
vivo.
It is interesting to note that H3’s binding region for the CTD is on the tail region (aa
11-55) close to the Serine 10 that is phosphorylated by JIL-1’s kinase domain. Of the two
kinase domains of JIL-1, KD I is more likely to be the kinase domain responsible for
phosphorylating H3S10 due to its similarity to the kinase domain I in MSK1 and RSK2,
which can also phosphorylate H3S10 (Thomson et al., 1999 and Frödin et al., 2000).
However, the JIL-1 kinase is a big protein composed of 1207 amino acids including the four
domains that are each approximately 300 amino acids in length. This translates to that both
CTD and KD I are each about 6 times as big as the H3 tail in linear size. Thus it is unlikely
that these two domains would co-occupy the small stretch of the H3 tail.
Structural analysis suggests that the two copies of H3 within each nucleosome are in
close contact to each other (Luger et al., 1997). This provides the possibility that the CTD of
JIL-1 could bind to one H3 tail while the kinase domain could phosphorylate the neighboring
H3 tail. Alternatively, the JIL-1 protein can also bind to the H3 tail of one nucleosome and
phosphorylate the H3 tail of a neighboring nucleosome. An X-ray crystallography project
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determining the folding and relative size of JIL-1 kinase to nucleosome could shed light on
the most likely scenario amongst these possibilities.
RECOMMENDATIONS FOR FUTURE RESEARCH
In addition to the experiments suggested above, there are quite a few other directions
for future research. One is a purification project using tagged JIL-1 CTD to identify
additional interaction partners. A male cell line, the Drosophila S2 cells, is recommended for
the purification, since the CTD plays an important role in establishing/maintaining proper
male X chromosome morphology. The novel candidates identified from this purification
project might give direct insight into how the CTD selects targets in only certain regions of
the chromosome instead of every H3 proteins as well as what co-factors may assist CTD in
maintaining chromosome morphology.
To explore the mechanism of the selective targeting of the JIL-1 CTD along the
chromosome, an alternative approach would be comparing the binding efficiency of the CTD
to synthesized histone H3 tail peptides that contain different modifications including
H3K9me2, H3K9Ac, H3K14Ac with isothermal titration calorimetry (ITC) (Min et al.,
2007). This would provide direct insight to whether these modifications would enhance or
reduce the association between JIL-1 and CTD.
A third potential project is a ChIP-chip experiment to directly identify the genomic
binding sites of JIL-1 with a high resolution. This can provide two important insights: firstly,
it can identify thousands of candidate genes that are targeted by the JIL-1 protein, which may
shed light on the major pathways in which JIL-1 participates; Secondly, it will identify a lot
of different DNA binding sequences. This will not only give insight as to whether there is a
consensus DNA to which JIL-1 prefers to bind, but also will provide the template sequence
for gel shift assays to test whether JIL-1 can directly bind DNA.
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SUMMARY
Although significant progress has been made after the first discovery of JIL-1 over
the recent 10 years, there are still a lot unknown about the JIL-1 kinase. These questions
include: what is the activating mechanism of JIL-1 kinase? What are the substrates in
addition to histone H3? What are the other components in JIL-1 complex? What are the
pathways JIL-1 participates in? What are the genes regulated by JIL-1? I believe the answers
to these questions will further advance our understanding not only to JIL kinase per se, but
also to the fundamental mechanism of metazoan development.
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         APPENDIX: ADDITIONAL RESULTS
THE SINGLE-KINASE-DEAD TRANSGENE
In order to understand the function of the individual kinase domains in the JIL-1
tandem kinase, we constructed two single-kinase-dead constructs MK1 and MK2. The MK1
is a full length JIL-1 transgene with mutation K293A, which theotically renders the first
kinase domain enzymatically inactive (Figure 1A). The MK2 is a full-length JIL-1 transgene
with mutation K652A, which presumably inactivates the second kinase domain (Figure 1A).
When these two transgenes were expressed in the JIL-1 null mutant background,
neither one of them could fully rescue the chromosome defects associated with JIL-1z2/JIL-1z2
mutants. The chromosome morphology in females was better rescued, with descernable
banding pattern. However, the chromosome morphology in males was poorly rescued. The
autosomes were coiled, and the male X chromosome was shortened and puffy with disrupted
banding pattern (Figure 1B).
Interestingly, no clear difference in rescuing the chromosome defects of JIL-1 null
mutant was observed between these two transgenes. This probably indicates that neither one
of these single-kinase-dead transgene is enzymatic active. If the activity of kinase domain II
is required to activate kinase domain I, the catalytic inactive mutation in either one of the two
kinase domain would lead to a kinase without activity.
CAN JIL-1 PHOSPHORYLATE H3S28?
In order to test whether JIL-1 can phosphorylate H3S28, we employed a polyclonal
antibody that recognizes both H3S10ph and H3S28ph (Lake Placid Biologicals), and stained
the polytene chromosome squash preparations from both wild-type and JIL-1 null mutant
third instar larvae. Meanwhile, the JIL-1 antibody 5C9 is included to label the JIL-1 protein.
As shown on Figure 2, the antibody recognizing H3S10phS28ph strongly stained the
interband region in both wild-type and JIL-1 null mutant polytene chromosomes; however,
the JIL-1 antibody signal was only detectable from the wild-type chromosomes. This
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suggests that an additional serine kinase may be responsible for phosphorylating H3S28 in
Drosophila.
Figure 1. Expression of single kinase dead construct in JIL-1 null mutant background.
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Figure 2. Comparison of the H3S10phS28ph antibody staining in wild-type and JIL-1
null mutant polytene chromosomes
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